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For the determination of iron in serum, 
various methods have been proposed. 
They cover photometry or colorimetry 
applied to the colored solution obtained by 
adding a color-developing reagent, such 
as thiocyanate'-”, o-phenanthroline®!», 
a,a'-dipyridyl’*' or 4,7-dimethyl-1,10- 
phenanthroline’™ to the serum after the 
removal of protein. In ordinary cases the 
iron content of serum is low and the 
available amount of serum is small. When 
the methods mentioned above are applied 
to a few ml. of serum, the color of the 
solution is very feeble. Therefore, it is 
difficult to obtain precise results unless a 
very sensitive photometer or colorimeter is 
available. Hence, a method was devised 
by Jones”, which is based on light absorp- 
tion of colored extract obtained by the 
extraction of iron thiocyanate from the 
aqueous solution to the solvent immiscible 
with water. 
decolorization of the solution occurs before 
the extraction is complete, because of 
the instability of iron thiocyanate in an 
aqueous medium. 

Here the authors propose to apply to 
serum Torii’s method for determination 
of iron’*»'® which was published recently. 
The method is based on the comparison 
of light absorptions of green solutions 
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In this method, however, the © 


obtained by the reaction of o-nitroso re- 
sorcinmonomethylether (hereafter N. R. 
M. E.) with ferrous iron. 


Reagents 


Distilled water.—Redistilled water is obtained 
by using the water-distilling apparatus made of 
hard glass. . 

Standard iron solution.—In 10 ml. of sulfuric 
acid (1:10), 0.1015 gram of analytical-grade iron 
wire is dissolved for 20 hours’ digestion. To the 
iron solution is added 3 ml. of concentrated 
nitric acid and the resulting solution is diluted 
to 500 ml.. 

6N hydrochloric acid.—-Distilled hydrochloric 
acid is titrated with alkali, and the hydrochloric 
acid of a known concentration is diluted to 6N. 

20% trichloroacetic acid.—Twenty grams of 
trichloroacetic acid is dissolved in 100ml. of 
distilled water. 

10% hydroxylamine hydrochloride.—Ten grams 
of hydroxylamine hydrochloride is dissolved in 
100 ml. of distilled water. 

0.1% p-nitrophenol.—-One tenth gram of p- 
nitrophenol is dissolved in 100ml. of distilled 
water. 

6 N ammonium hydroxide.—Forty ml. of conc. 
ammonium hydroxide is diluted to 100 ml.. 

Acetic acid-sodium acetate buffer solution.—-In 
200 ml. of distilled water, 33.5 grams of sodium 
acetate is dissolved and the resulting solution is 
filtered. After addition of 27.2ml. of distilled 
acetic acid, it is diluted to 250ml.. 

5% sodium thiosulfate solution.—Five grams of 
sodium thiosulfate is dissolved in 100ml. of 
distilled water and the resulting solution is 
filtered. 

Saturated aqueous solution of N.R.M.E..- 
N.R.M. E. is dissolved in 100ml. of distilled 
water andt he insoluble matter is filtered off (solu- 
bility: 40.2 mg./100 ml.). 

Carbon tetrachloride.—-Distilled carbon tetra- 
chloride is obtained using a distilling apparatus 
made of hard glass. 


Procedure and Apparatus 


In a centrifuge tube, 2.0 ml. of clear serum is 
taken, acidified with 0.5ml. of 6N hydrochloric 
acid, and allowed to stand for 10 minutes. To 
the resulting solution is added 1.0ml. of 20%, 
trichloroacetic acidt. The mixture is centrifuged 
and filtered, if necessary. The precipitate is 


+ When serum is not acidified with hydrochloric acid 
and is treated only with trichloroacetic acid, the mixture 
is kept in a water bath for 5 minutes at 100°C. 
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washed with a mixture of 1.0ml. of distilled 
water and 0.5ml. of 20% trichloroacetic acid. 
(Filteration and washing are not always necessary 
when the centrifugation is complete.) The clear 
filtrate, together with washing solution, is taken 
in a 10-ml. stoppered measuring cylinder. After 
addition of 0.5ml. of 10% hydroxylamine hydro- 
chloride, the solution is kept for at least 15min. 
with shaking at certain intervals until the reduc- 
tion of iron is complete. The mixture is then 
neutralized with 6N ammonium hydroxide, the 
neutralization being indicated by the development 
of color of 0.1% p-nitrophenol (one drop) added 
to the solution. 

For the pH control, 2.0 ml. of acetic acid-sodium 
acetate buffer solution (pH 4.5) is added. To 
this mixture are added 0.5ml. of 5% sodium 
thiosulfate, and, after 5 minutes, 1.0ml. of 
saturated aqueous solution of N.R.M.E.. The 
volume of the resulting solution was adjusted 
exactly to 10.0ml. by adding distilled water. 
After being allowed to stand for at least 15 
minutestt the, mixture is transferred into a 30- 
ml. separatory funnel, and shaken with 2ml. 
of carbon tetrachloride. Then the N.R.M.E. 
solution in carbon tetrachloride is discarded. The 
extraction is repeated three times to remove the 
excess of N.R.M.E. completely. The aqueous 
solution is poured into a centrifuge tube and 
is centrifuged to remove the suspended carbon 
tetrachloride. The supernatant aqueous solution 
is transferred to a 20-mm. absorption cell, and its 
absorption is measured at 700 my with Shimadzu’s 
photoelectric spectrophotometer. 


Examination 


The following experiments were carried 
out with iron standard solution and serum 
at room temperature of 27-30°C. 

a) To check the possibility of rapid 
reduction of ferric iron by sodium thio- 
sulfate in the absence of hydroxylamine 
hydrochloride, the color was developed by 
the method mentioned above without 
adding hydroxylamine hydrochloride to 
iron standard solutions. The result seems 
to show that one hour is necessary for 
complete reduction of iron by sodium 
thiosulfate. (Table I) 


TABLE I 
ABSORBANCY OF SCLUTION OBTAINED BY THE 
REDUCTION OF IRON WITH BOTH HYDROXYL- 
AMINE HYDROCHLORIDE AND SODIUM THIOSUL- 
FATE OR WITH SODIUM THIOSULFATE ALONE 


Time in min. 15 30 60 
Hydroxylamine hydrochloride {0.235 0.234 0.236 
and sodium thiosulfate (0.184 0.185 0.184 
0.182 0.220 0.234* 
0.144 0.177 0.185** 
* To be compared with lst line. 
** To be compared with 2nd line. 


Sodium thiosulfate { 


tt Not for as long a time as two or three days, 
which was the private suggestion given by T. Torii. 
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b) After the pH of solution is adjusted 
to 4.5, hydroxylamine hydrochloride was 
added to reduce iron in the standard 
solution. One hour was necessary for 
complete reduction. (Table II) 


TABLE II 


ABSORBANCY OF SOLUTION OBTAINED BY THE 
REDUCTION OF IRON IN STRONG ACIDIC MEDIUM 
AND pH 4.5 
Time in min. 15 30 60 
—_ ‘ f0.208 0.210 0.209 
Strong acidic medium \0.156 0.159 0.158 


f0.149 0.183 0.210* 
(0.116 0.139 0.158** 


* To be compared with Ist line. 
** To be compared with 2nd line. 


pH 4.5 


From the results of experiments a) and 
b), it was found that iron was reduced 
completely within a short time by hydro- 
xylamine hydrochloride in a _ strongly 
acidic medium as was used in the procedure 
mentioned above. 

c) In the presence of 0.5ml. of 6N 
hydrochloric acid, the addition of 1.0 ml. 
of 20 % trichloroacetic acid to 2.0ml. of 
serum is satisfactory to remove protein 
from serum. It was checked qualitatively 
by using sulfosalicylic acid. Under this 
condition, iron is liberated in solution 
completely by Surgenor et al.'”. 

d) To check the effect of hydrochloric 
acid concentration on the development of 
color, each 2.0ml. of serum was treated 
with 0.5ml. or 1.0ml. of 6Nn hydrochloric 
acid. The subsequent treatment was the 
same as in the procedure mentioned above 
for each 2.0ml. of serum. The results 
are shown in Table III, and no serious 
difference was found between these two 
conditions. 


TABLE III 
ABSORBANCY OF SOLUTION OBTAINED BY 
ADDING 0.5 ML. AND 1.0 ML. OF HYDROCHLORIC 
ACID TO SERUM 


Serum I II III IV 
0.5 ml. HCl 0.191 0.170 0.124 0.133 
1.0ml. HCl 0.186 0.168 0.126 0.136 


e) In the determination of iron by 
Torii’s method, the presence of copper in 
larger quantities than iron interfere with 
the determination. In human serum, the 
copper content is 1-1.5 times as great as 
that of iron. To see if addition of 5% 
sodium thiosulfate 0.5 ml. is sufficient for 


17) D. M. Surgenor, B. A. Koechlin and L. E. Strong, 
J. Clin. Investigation, 28, 73 (1949). 
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the prevention from interference of 
copper. The experimental results are 
shown in Table IV, and the corresponding 
absorbancies obtained for these two sets 
of solution are the same. Therefore it is 
clear that copper in human serum will 
not interfere seriously. 


TABLE IV 
APSORPANCY OF SOLUTION OBTAINED FROM 
IRON STANDARD SOLUTIONS CONTAINING AND 
FREE FROM COPPER 


Concentration of 


iron (7/100 ml.) 81.2 121.8 162.3 203.0 


0.110 0.160 0.204 0.258 
Iron solution free (e108 0.156 0.210 0.261 
from copper lo:100 0.152 0.217 0.264 
Iron solution 0.108 0.161 0.210 0.260 
containing copper {0.110 0.160 0.214 0.266 
(300 7/100 ml. Cu) (0.112 0.156 0.218 0.272 


f) Based on the method proposed here, 
the standard solutions were used for the 
preparation of a calibration curve. The 
experimental results corrected for the 
blank test (absorbancy, 0.044) are shown 
in Fig. 1. The curve in Fig. 1 is linear 
and obeys Beer’s law within the range 
of iron content from 0 to 8007 per 100 ml.. 
The method presented here is advanta- 


geous over the usual one. The absorptions . 


to be measured in the present method, 
are from two to three times as strong as 
those in the usual methods for a given 
content of iron in solution. 
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g) Recovery experiments were run in 
which iron was added to four samples of 
serum. In this set of analysis, a few ml. 
of a standard iron solution was added to 
a few ml. of the serum so as to made the 
total volume 2ml. and this mixture was 
then analysed. The results in Table V 
show quantitative recovery. 
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TABLE V 
REGOVERY OF KNOWN QUANTITY OF IRON 
ADDED TO SERUM 


Calculated 


Iron solution added. toon tenn 


sol concent- oo the value 
ml. ration volume 7/100 ml. of pure 
+/100 ml. ml. serum 
7/100 ml. 
2.0 71 
1.0 406.0 1.0 235 238 
0.6 406.0 1.4 299 305 
0.4 406.0 1.6 345 339 
2.0 135 
1.0 406.0 1.0 275 270 
2.0 95 
1.0 406.0 ‘1.0 128 129 
2.0 102 
1.8 162.3 0.2 106 108 
1.8 243.6 0.2 116 116 
1.8 324.8 0.2 126 124 
1.8 406.0 0.2 129 132 
Summary 


To improve the procedure of photo- 
metric determination of iron in human 
serum, Torii’s method recently proposed 
for the determination of iron was applied 
to serum. After the removal of protein 
from serum, the iron in serum is reduced, 
the pH of the solution is adjusted to 4.5, 
the color-developing reagent is added, and 
the excess of the reagent is removed by 
extraction with carbon tetrachloride. The 
green solution thus obtained is effective 
for spectrophotometric determination. 

The interference of copper is avoided 
by the addition of thiosulfate, and the 
substances other than copper remaining 
after the removal of protein from serum 
do not give any appreciable interference. 
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In an attempt to prepare an ethynyl- 
carbinol from 3-methyl-3-penten-2-one (1) 
and acetylene by the action of sodium 
amide in ethereal solution, we encountered 
a characteristic crystalline product (II) 
which proved to be a dimer of I. This 
reaction is considered to be of the same 
class as that of acetylcyclohexene which 
was reported by Jones and Koch”. 

In the present experiment I was treated 
with sodium amide in ethereal solution in 
the cold. From the reaction mixture, 
colorless crystals (II) were obtained in 
ca. 30% yield in addition to other oily 
products. 

II had no unsaturated nature and the 
existence of two carbonyl groups in its 
molecule was presumed on the basis of its 
diketonic derivatives. Together with 
analyses and molecular weight determined, 
a cyclic structure corresponding to a dimer 
of I was considered for it. Its one carbonyl 
group seemed to be in the ring and the 
other in the exocyclic position because of 
the following facts. 

On treatment with hypobromite it gave 
bromo-derivatives instead of the corres- 
ponding acid, and at most, trisubstituted 
derivative could be obtained though the 
reagent was applied in great excess. From 
these bromo-derivatives certain materials 
having unsaturated nature could easily be 
formed. Further, II gave positive reaction 
toward acetyl test”. On these evidences, 
a six-membered ring was proposed and 
the three hydrogen atoms which are easily 
replaceable were considered to be in some 
special positions, perhaps on the two 
carbon atoms adjacent to the endocyclic 
carbonyl group. 

Thus structure IIa or IIb was proposed 
for the dimer in question. Structure Ila 
(4-acetyl-2,3, 4,5-tetramethyl-l-cyclohexa- 
none) seems probable, on the basis of the 
results obtained in the case of acetyl- 
cyclohexene’. The reaction seems to 
follow the mode of diene synthesis. 

1) E. R. H. Jones and H. P. Koch, J. Chem. Soc., 

1942, 393. 

2) J. Adachi, J. Chem. Soc. Japan, Pure Chem. Sec. 


(Nippon Kagaku Zassi), 71, 506 (1950); J. Anal. Chem., 
23, 1491 (1951). 
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It may be noted that mesityl oxide gave 
a dimer of different nature when treated 
with sodium amide in a manner similar 
to that in the above case. The crystalline 
substance obtained here had unsaturated 
nature and its melting point was almost 
identical with 2-acetyl-1, 3,3, 5-tetramethyl- 
5-cyclohexen-l-ol reported by Braude et 
al.“ who obtained the compound from 
mesityl oxide in the presence of lithium. 


Experimental 


3-MethyI1-3-penten-2-one(I).—-The preparation 
followed the method of Hinkel et al. with some 
modifications. Paraldehyde was used in place of 
acetaldehyde, and pyridine was substituted for 
quinoline to eliminate hydrogen chloride in the 
crude product. B.p. 136~138 . 

Dimerization of I.--The yield of the dimer 
was rather dependent upon the reaction tempera- 
ture and other trivial conditions. A typical run 
is described below. 

Fifty grams of I was added dropwise to a 
suspension of 25g. of powdered sodium amide in 
300 cc. of dry ether in a course of ca. 40min. at 

2~6 , and kept stirred for ca. 4hr. at the 
same temperature. The reaction mixture was 


3) E. A. Braude, B. F. Gofton, G. Lowe and E. S. 
Waight, J. Chem. Soc., 1956, 4054. 

4) L. E. Hinkel, E. E. Ayling, J. F. J. Dippy and T. 
H. Angel, ibid., 1931, 814. 
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poured onto crushed ice containing acetic acid; 
the ethereal portion was separated, washed with 
a solution of potassium carbonate and dried over 
calcium chloride. Ether was then removed and 
the residue was distilled under reduced pressure 
to yield the following fractions: (1) b. p. ca. 
50°/30 mmHg, ca. 4.5g.; (2) b.p. ca. 140~164°/23 
mmHg, ca. 26.5g., somewhat viscous yellowish 
oil; residue, ca. 5g., dark resinous material. 

Fraction (2) was kept cooled overnight in an 
ice-box and the colorless crystals(II) separated 
out were collected, ca. llg., yield, ca. 22%. 

In another experiment, II was obtained in ca. 
30% yield, in which the reaction was held at 2~ 
12° for 6hr. (after the addition of I) and the 
whole was allowed to stand for 10hr. at room 
temperature. 

The crude crystalline product was crystallized 
twice from methanol; colorless square plates or 
needles, fairly easily soluble in ethanol, methanol 
and ether, insoluble in cold water, somewhat 
soluble in hot water, m. p. 80~81.5 . 

Anal. Found: C, 73.56; H, 10.10; mol. wt. 
(Rast), 192. Calcd. for Cy,:H2.O2: C, 73.43; H, 
10.27%; mol. wt., 196.3. 

II did not decolorize bromine water and gave 
red coloration on heating with potassium hypo- 
bromite solution and pyridine, suggesting the 
presence of acetyl group”. 

The remaining oil of fraction (2), from which 
the above crystals were separated, seemed still 
to contain a fair amount of II or its isomers; 


this was inferred from the amount of the cor-., 


responding semicarbazone obtained from _ it. 
Likewise, this oil instantly decolorized bromine 
water indicating the presence of another unsa- 
turated material. 

Derivatives of II. -- Semicarbazone. -- The 
semicarbazone was prepared in aqueous ethanolic 
solution and recrystallized from ethanol, color- 
less long plates, m. p. 217°(with frothing; slowly 
heated), 240° (with frothing; rapidly heated). 

Anal. Found: C, 61.25; H, 8.97; N, 16.45. 
Calcd. for C,;H2302N3: C, 61.63; H, 9.15; N, 
16.59%. 

2, 4-Dinitrophenylhydrazone.---The derivative 
was recrystallized from pyridine; orange-yellow 
crystals, m.p. 200~201°. 

Anal. Found: C, 57.47; H, 6.19; N, 14.83. 
Caled. for CigH2,0;N,: C, 57.43; H, 6.43; N, 
14.89%. 

Bis-2, 4-dinitrophenylhydrazone.—-An excess of 
a solution of 2,4-dinitrophenylhydrazine in me- 
thanolic sulfuric acid was added to II and refluxed 
for ca. 30min. The orange crystals formed, 
which were sparingly soluble in boiling methanol, 
were crystallized twice from hot pyridine; orange 
crystals, m.p. 263~264° (with decomposition; 
rapidly heated) and 236~237° (with decomposition; 
slowly heated (ca. 1° per 30sec.)). 

Amal. Found: C, 52.11; H, 5.17; N, 20.15. 
Calcd. for CaH2OsNs: C, 51.79; H, 5.07; N, 
20.14%. 

Phenylhydrazone.—-One and a half grams of II 
was refluxed in a mixture of 3g. of phenyl- 
hydrazine, 5cc. of ethanol and lcc. of water for 
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ca. 20min., and, after being cooled, the product 
was collected. Recrystallization from pyridine- 
ethanol gave almost colorless (faintly pale) plates, 
m.p. 155~156° (in sealed tube). 

Anal. Found: C, 75.36; H, 9.05; N, 9.77. 
Calcd. for C,.H»ON.: C, 75.48; H, 9.15; N, 
9.78%. 

Bisphenylhydrazone.—-A solution of 1.8g. of II 
and 2.7g. of phenylhydrazine in a mixture of ca. 
3cc. of 50 per cent. acetic acid and ca. 4cc. of 
methanol was refluxed for ca. lhr. The crude 
product was_ recrystallized from methanol- 
pyridine, almost colorless(faintly greenish yellow) 
needles, m.p. 155~156” (in sealed tube). 

Anal. Found: C, 76.24; H, 8.53; N, 14.96. 
Caled. for CosHj2N,: C, 76.55; H, 8.57; N, 14.88%. 

Hydrazone.--Two grams of II was refluxed 
with a mixture of excessive hydrazine hydrate 
and 3cc. of ethanol for several minutes. Colorless 
long needles (ca. 2g.) which readily separated 
out on standing, were crystallized twice from a 
small amount of ethanol; colorless needles or 
prisms, somewhat soluble in water and in ether, 
much more soluble in hot water, easily soluble 
in ethanol and methanol, m.p. 130~131>. 

Anal. Found: C, 68.46; H, 10.54; N, 13.41; 
mol. wt. (Rast), 202. Caled. for C;2H»ON:: C, 
68.53; H, 10.55; N, 13.32%; mol. wt., 210.3. 

Bromo-derivatives of II.--An attempt to 
oxidize II by hypobromite for the purpose of 
obtaining the corresponding acid resulted in 
bromination. 

Tribromo-derivative (III).--Five grams of II 
was shaken with hypobromite solution, made 
from 24g. of bromine, 28g. of potassium hydro- 
xide and 250cc. of water, for ca. 4hr. at room 
temperature, and left overnight. The reaction 
product which weighed ca. 3g. was separated 
and recrystallized from ethanol; colorless needles 
or prisms, 'm. p. 81° (with partial decomposition), 
100~101° (with partial decomposition; rapidly 
heated). 

Anal. Found: C, 33.29; H, 3.94; Br, 54.92; 
mol. wt. (Rast), 455. Caled. for C,;.H,;;O.Br;: C, 
33.28; H, 3.96; Br, 55.37%; mol. wt., 433.0. 

2,4-Dinitrophenylhydrazone of III.--Recrystal- 
lization from ethanol-pyridine gave long orange 
plates, m. p. 145° (with decomposition), 157~158 

(with decomposition; rapidly heated). 

Anal. Found: C, 35.20; H, 3.43; N, 9.03; Br, 
38.97. Calcd. for C,.H2,0;N;Br;: C, 35.26; H, 
3.45; N, 9.14; Br, 39.11%. 

Dibromo-derivative.—-On applying a smaller 
amount of hypobromite another bromo-derivative 
containing one bromine atom less was obtained 
from II together with III. However its rigid 
separation from III was difficult, its 2, 4-dinitro- 
phenylhydrazone being obtained in fairly pure 
state; orange plates or fine yellowish orange 
needles from pyridine, m. p. 160° (with decom- 
position), 174 (with decomposition; rapidly 
heated). 

Anal. Found: C, 40.66; H, 4.11; N, 10.43. 
Caled. for C,,H22.0;N,Bre: C, 40.47; H, 4.15; N, 
10.49%. 

Some Notes on the Bromo-derivatives of 
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II.--(a) III was warmed with ethanolic potassium 
hydroxide for ca. 1 hr., the reaction mixture was 
acidified with sulfuric acid and extracted with 
ether. After the ether was evaporated, a small 
amount of yellow needles was formed. A similar 
substance was obtained from the aqueous portion 
in the case of the hypobromite reaction mentioned 
above. In both cases the amount was insufficient 
for characterization purposes. 

(b) When the bromo-derivatives were recrystal- 
lized from hot ethanolic acetic acid containing a 
little water, they turned into an oily material 
which instantly decolorized bromine’ water. 
Further, the bromo-derivatives, on warming with 
pyridine for ca. 1.5 hr., gave _almost colorless 
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crystals which also decolorized bromine water. 

Dimerization of Mesityl Oxide.—The reac- 
tion was carried out in the same manner as in 
the case of I. A considerable amount of colorless 
needles or prisms was obtained, which on 
recrystallization from ethanol had m. p. 74~75’. 
It instantly decolorized bromine water and was 
positive toward acetyl test». 

Anal. Found: C, 73.31; H, 10.17; mol. wt. 
(Rast), 184. Calcd. for Cyj2HoaOQ2: C, 73.43; H, 
10.27%; mol. wt., 196.3. 


Department of Chemistry 
Faculty of Science 
Ibaraki University, Mito 


Ion Exchange in Concentrated Solutions II*. Beryllium Chloride- 
Hydrochloric Acid System 


By Hitoshi OnTAKI and Kazuo YAMASAKI 


(Received May 15, 1957) 


Although the ion-exchange in concen- 
trated solutions has been applied success- 
fully by several investigators to the sepa- 
ration of transuranic elements from rare 
earths’? and the mutual separation of 
transition metals”, only a few studies 
have been reported on _ ion-exchange 
equilibria in solutions of large ionic 
strength’. We had previously studied 
the equilibria in sodium chloride-hydro- 
chloric acid and lithium chloride-hydro- 
chloric acid systems”. In the present study 
the equilibrium in beryllium chloride- 
hydrochloric acid system was investigated. 


Experimental 


(1) The Resin.--The resin used was Dowex 
50-X8 (hydrogen form) of mesh size 30~80 
obtained by wet screening. It was dried at 40°C. 
The amount of water adsorbed on the resin was 
determined from the weight decrease on drying 
the resin at 110°C. It was 0.20-0.23 ml. per gram 
of the resin. The amount of resin used in one 


* Read at the Annuel Meeting of the Chemical Society 
of Japan held at Kyoto in April, 1956. The first report 
was published in J. Phys. Chem., 6O, 36 (1956). 

1) K. Street, Jr. and G. T. Seaborg, J. Am. Chem. 
Soc., 72, 2790 (1950). 

2) K. A. Kraus, et al., ibid., 71, 3263, 3855 (1949); 72, 
4293, 5792 (1950); 73, 9, 13, 2900 (1951); 74, 843 (1952); 75, 
1460, 3273 (1953); 7G, 984, 5916 (1954); 77, 1283 (1955). 

3) K. A. Kraus, F. Nelson and G. W. Smith, J. Phys. 
Chem., 58, 11 (1954). 

4) R.M. Diamond, J. Am. Chem. Sec., 77, 2578 (1955). 

5) H. Kakihana, N. Maruichi and K. Yamasaki, /. 
Phys. Chem., 6O, 36 (1956). 


batch experiment was 3.6g., i.e., about 15 
milliequivalents. 

(2) Reagents.--Commercial beryllium chlo- 
ride was converted into beryllium basic acetate, 
and it was purified by recrystallization from hot 
glacial acetic acid. Purified beryllium basic 
acetate was decomposed with hot water and 
beryllium hydroxide was precipitated with 
ammonia. Beryllium hydroxide thoroughly 
washed was dissolved in a calculated amount of 
hydrochloric acid and thus solutions of beryllium 
chloride were prepared. 

(3) Procedure.—A certain amount of the 
resin (exchange capacity E meq.) was put into 
a glass-stoppered Erlenmeyer flask containing a 
known amount (V=—30 ml.) of 0.1~5N BeCl,-HCl 
mixtures. After shaking for 40 minutes in a 
thermostat at 25°C, the resin was quickly 
separated from the solution by suction on a glass 
filter. An aliquot of the filtered solution 
(external solution at equilibrium) was titrated 
with 0.1N barium hydroxide solution, and the 
hydrogen ion concentration (H*); was determined 
using methyl yellow (pH of its color change: 
2.9--4.0) as indicator, because beryllium chloride 
was hydrolized in the higher pH range. After 
the above procedure the chloride ion concentra- 
tion of the filtrate, (Cl-);, was determined by 
Fajans’ argentometric titration, using fluorescein 
as indicator. 

The separated resin was then poured into a 
column (20cm.x1cm. diameter) with water and 
washed repeatedly with distilled water. The 
amount of hydrogen ion in these washings, 
[H*+]q, was similarly determined by titration. 
The amount of beryllium ion in these washings, 
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[Be+*+]q@ was determined colorimetrically by 
8-hydroxyquinaldine®. 

Then 0.5N barium nitrate solution was passed 
through the resin column, and the effluent was 
titrated with 0.1N barium hydroxide. The 
amount of the hydrogen ion which had been 
retained in the resin, [H*+]r, was thus determined 
and the amount of the beryllium ion in the effluent, 
[Be+*+]r, was determined by the gravimetric 
method using hydrazine as the precipitating 
agent. 

Relations between the quantities determined 
above are 

[Be**]e=ICl-le—L[H*]e 

[Be*++*+]s5= [Bet *]o—[Be**]r—[Be**]a 

(Be*++)s=(Cl-)s— (H*)s, 
where parentheses and brackets represent con- 
centration (milliequivalents per ml.) and amounts 
(milliequivalents) of the ions, respectively. Sub- 
scripts O, R, S and Q denote the original solution, 
the resin phase at equilibrium (the perfect 
exchange phase), the external solution at 
equilibrium and the quasi-exchange phase, 
respectively. The last phase, i.e. the quasi- 
exchange phase, consists of two kinds of solution. 
One is the solution which adheres to the surface 
of resin particles and the other is the solution 
which penetrates into the resin without being 
exchanged at the time of the exchange equilib- 
rium. 


Results and Discussion 


(1) Adsorbed Water.—The amount of 
the water adsorbed by the resin, which 
is in contact with the external solution, 
is important in the ion exchange and 
many authors have tried to determine its 
amount by various methods’~'?. However, 
the methods used by previous investigators 
in dilute or moderately dilute solutions 
are considerably complicated. The amount 
of adsorbed water was, therefore, 
estimated indirectly by the following 
calculation as reported in the previous 
paper”. 

The total amount of hydrogen ion in 
the solution and the resin is equal to 


(H*)s(V-—A’') + [H*]Qq+[H*]8, (1) 


where A’ is the volume of water adsorbed 
in the resin phase at equilibrium. The 
first term in (1) denotes the amount of 
hydrogen ion in the external solution. 


6) K. Motojima, This Bulletin, 29, 71 (1956). 

7) K. W. Pepper and D. Reichenberg, Z. Elekteochem., 
57, 183 (1953); B. R. Sundheim, M. H. Waxman and H. 
P. Gregor, J. Phys. Chem., 57, 974 (1953). 

8) K. W. Pepper, D. Reichenberg and D. K. Hale, /. 
Chem. Soc., 1952, 3219. 

9) H. P. Gregor, K. M. Held and J. Bellin, Anal. 
Chem., 23, 620 (1951). 

10) C. W. Davies;and G. D. Yeoman, Trans. Faraday 
Soc., 49, 968, 975 (1953). 
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The total amount of hydrogen ion is also 
equal to 


E+ [H* lo, (2) 


where £E denotes the total exchange 
capacity of the resin used. Thus 


(H*)s(V—A')+[H*]o+[H*]r 
=E+[H*lo (3) 


By arranging the equation, 


p= (H*)sV+[H*]q+[H*]r—E-[H*]o 
(H*)s 

(4) 
As all the terms in (4) are determined 
experimentally, the amount of adsorbed 
water A’ can be calculated. If the water 
content of the resin used (weight decrease 
on drying at 110°C) is denoted by A”, 
total amount of the water in the resin 
used (£ meq.) at the equilibrium is 


A=A'+A" (5) 


A part of the data obtained and the 
amounts of water in the resin thus calcu- 
lated are given in TablesI and II. Values 
of A decrease as the concentration of the 
hydrogen ion increases. These values 
agree with the data of Pepper et al. and 
those of Davies et al. determined in 
hydrochloric acid solution. Quite recently 


TABLE I 
WATER IN THE RESIN 
Total, Original soln at Water in 
capacity equilibrium the resin 
’ 3 , 
cme SY BSS BS! an 
16.04 0.1 0.00 0.00; 0.10 2.21 
Z 4 0.32 0.01 0.43 1.30 
4 Z 0.64 0.01 0.76 1.25 
4 4 0.96 0.02 1.10 1.15 
4 4 iw 0.04 1.40 1.16 
15.24 0.5 0.00 0.15 0.30 0.86 
Y 4 0.28 0.18 0.58 1.28 
4 4 0.57 0.26 0.85 1.28 
4 4 1.56 0.33 1.76 0.98 
4 4 2.78 0.45 2.97 0.95 
4 4 §.21 0.38 5.31 0.67 
15.12 1.0 0.00 0.59 0.61 2.62 
Y 4 0.56 0.62 0.93 1.62 
4 4 1.10 0.65 1.41 1.43 
4 4 2.28 0.68 2.49 1.00 
4 4 4.59 0.66 4.80 0.96 
4 4 7.43 0.83 7.57 0.73 
15.12 5.0 1.16 4.27 1.76 2.28 
4 4 4.17 4.08 4.70 1.40 
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Gupta'” applied our method of determining 
the adsorbed water to the study of sodium 
chloride-hydrochloric acid system and 
found that the ratio of the amount of 
water in the resin to the concentration of 
hydrochloric acid used increased linearly 
with the latter value. 

(2) Concentrations of ions in the 
quasi-exchange phase.—In Fig. 1, the 
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Fig. 1. Amounts of Be and H ions in the 


quasi-exchange phase. Solid and broken 
lines denote [Be**]q and [H*t]a, 
respectively. 


amount of the beryllium ion in the quasi- 
exchange phase, [Be**]a, and that of 
hydrogen ion, [H*]a, are plotted against 
hydrogen ion concentration in the solution, 
(H*)s. If there isany competition between 
beryllium and hydrogen ions in the 
adsorption on the resin, it is expected 
that the amount of beryllium ion in the 
quasi-exchange phase, [Be**]a, will 
decrease as hydrogen ion concentration 
in the external solution, (H*)s, increases. 
Such a fact is found when (H*)s is low. 
But, when it is higher than 1N, values of 
[Be**]q@ show a minimum and _ then 
increase as (H*)s increases. On the other 
hand, [H*]q@ increases always as (H*)s 
increases. This means that some change 
in the ionic species takes place in the 
solution. The results of spectrophoto- 
metric studies given in (4) reveal forma- 
tion of complexes in the solution. 


11) H. C. Gupta, Naturwissenschaften, 43, 543 (1956). 
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(3) Apparent equilibrium constant.— 
Apparent equilibrium constant, K, of the 
exchange reaction between beryllium and 
hydrogen ions is given by the following 
equation : 


_ (H+) 2 (Bet *)e 








K= 
(H*);.(Be**)s 
© OIN Beclg 
© 05N - | 
© LON - | 
=< _>* 
1s me = 
ce “a ‘ 
°% oa 4 » . 
(H*)s 
Fig. 2. Relations between apparent 


equilibrium constant K and the hydro- 
gen ion concentration in the external 
solution, (H*)s. 


where (H*)r and (Be**)r are defined as 
[H*+]r/A and [Be**]r/A respectively”. 
In Fig. 2 values of K are plotted against 
the concentration of hydrogen ion in the 
external solution. When the concentration 
of beryllium ion is low, K is smaller than 
1, but when it is 1.0N or higher, the value 
of K is greater than unity. This fact can 
be explained by the formation of cationic 
complexes which are more easily captured 
by the resin than the simple beryllium ion. 
The formation of such a complex is shown 
by the spectrophotometric experiments. 
(4) Ionie species in the solution.—In 
Table II values found for [H*]r+[Be**]r, 
i.e. sums of amounts of ions in the resin 
phase are always larger than the total 
equivelent capacities of the resin. This 
means that two hydrogen ions do not 
exchange for one beryllium ion and some 
complexes are formed in the solution. 
The formation of complexes is also 
shown by spectrophotometric evidence. 
In the region of higher concentrations of 
hydrochloric acid, mixed solutions of 
beryllium chloride and hydrochloric acid 
have a yellow color. In Fig. 3 spectro- 
photometric curves of beryllium chloride, 
hydrochloric acid and their mixture are 
shown. The mixture absorbs’ more 
strongly than the components and new 
absorption bands appear at 265 and 370m#. 


12) As the activity coefficients of beryllium and hy- 
drogen ions in the mixtures are not known, neither the 
rtelaive affinity of the exchange equilibrium of beryl- 
lium and hydrogen nor the Donnan equilibrium constant 
can be calculated. 
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TABLE II 
A PART OF THE DATA OBTAINED 
( ): meq./ml., [ J]: meq. 

















“oF External soln. at Quasi-exchange ‘ Total 
Original ecin. equilibrium phase Resin phase exchange 
“ capacity 
. “Vo ( oe + + ++ [H* Jr t 
(H*)o (Be**)o (H*)s (Cl )s (Cl-)s—(H*)s {H Je [Bet*]a {H Ir [Be Jr [Be*++]p E meq. 
1.27 0.10 1.40 1.44 0.04 1.53 0.00, 15.04 1.14 16.18 16.04 
1.56 0.50 1.76 2.09 0.33 1.84 0.00; 12.18 3.98 16.06 15.24 
1.10 1.0 1.41 2.05 0.64 2.11 0.10 9.00 7.63 16.63 15.12 
1.16 5.0 1.76 6.03 4.27 4.74 3.10 3.28 13.61 16.89 15.12 
06 03 a 
0.5 = 
= 02 "265m ec 
“a w, 
x A» 
= 04 7 ‘ 
" 1) 
an S 
do Fs or 370 
g = a 37 ~*~ 
,, 03 a Y . 
oO < ee 
z a 
é Pee 
z 0.2 a 
- in % 2 4 
Molar ratio Myc, Mpc), 
Fig. 4. Relations between absorbancy and 
0.1 molar ratio. Black and white circles 
denote the absorbancy values at 265 
and 370m», respectively. 
0: . . - . 
90 380 320 360 400 of beryllium chloride and hydrochloric 
acid of larger molar ratio, myc)/Mgecy, 
sat than 7.5 and to confirm the existence of 
Fig. 3. Absorption curves of beryllium . ss 


chloride, hydrochloric acid and their 
mixture. 
Curve I: 5N HCl, II: 3N BeCh, III: 


Mixture of 3N BeCl, and 5N HCl, IV: 


Sum of I and II. 


This supports the view that complexes 
are formed between beryllium chloride 
and hydrochloric acid. 

An attempt was made to determine the 
composition of the complexes thus formed 
by the molar ratio method'?. The result 
is shown in Fig. 4. The line has a break 
at Myc}/Mp.c},=1. This may suggest that 
the formation of complexes begins at 1N 
of hydrochloric acid concentration. 
Another break seems to be present at 
Myc)/Mpec},=7- Since beryllium chloride 
solution was prepared by _ dissolving 
beryllium hydroxide into hydrochloric 
acid, it was difficult to prepare the mixture 


13) J. H. Yoe and A. L. Jones, Jnd. Eng. Chem. Anal. 
Ed., 16, 111 (1944). 


the second break. 

To find out whether the formed complex 
is cationic or anionic, the solution con- 
taining 3N beryllium chloride and 5n 
hydrochloric acid was passed through a 
column of chloride form of Dowex 1-X8. 
The ionic species containing beryllium 
ion was not adsorbed on the resin and 
the resin and the complex thus formed 
was found to be cationic. 

Kraus et al.” reported that the beryllium 
ion of the tracer scale was not captured 
by the anion-exchange resin, Dowex 1, in 
7n and 12n hydrochloric acid. Diamond” 
measured the distribution ratios of the 
beryllium ion of tracer scale and concluded 
that the beryllium ion existed as a cationic 
chloro-complex, probably a polynuclear 
one. The results of our experiments agree 
well with their conclusions. 


Summary 


The ion exchange equilibrium was 
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studied in the concentrated solutions of 
beryllium chloride and hydrochloric acid. 
The amount of water in the resin was 
calculated from the difference of hydrogen 
ion concentration before and after the ion 
exchange equilibrium. A cationic complex 
containing beryllium was found to be 
formed in the solution. 
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Grain Growth of Silver Chloride Suspensions in Aqueous 
Polyvinyl Alcohol Solution 


By Yasushi On-yAMA and Kiyoshi FuTAKI 


(Received June 14, 1957) 


The physical ripening of silver chloride 
polyvinyl alcohol emulsion (i.e. the grain 
growth of silver chloride suspension in an 
aqueous polyvinyl alcohol solution) was 
found able to be accelerated by the addi- 
tion of some sorts of substance’. 

Substances already reported as active 
comprise many sorts of substance, some 
of them having active sulfur atom, are 
so-called ‘‘sulfur-sensitizers’’ in photo- 
graphic chemistry, e. g. inorganic thio- 
sulfates, thiocyanates or organic deriva- 
tives of thiourea, rhodanine, or the like”. 
Some without active sulfur are those that 
contain a nitrogen atom together with 
some other nitrogen, oxygen or non-active 
sulfur atom in their molecule, e. g. N-alkyl 
homologues of guanidine, pyrrolidone, 
pyridone, quinolone or 2-imino-thiazolines”. 

In later experiments much simpler com- 
pounds which contain only one heterogene- 
ous atom, sulfur or nitrogen, such as alkyl 
thiols or alkyl ammonium compounds 
were active. In the present paper, how- 
ever, only alkyl amines such as primary, 
secondary, tertiary amines and some JN- 
alkyl quaternary ammonium compounds 
(both non-cyclic and cyclic) are dealt with. 
Surface active properties of higher alkyl] 
homologues of these compounds are well 


1) Y. Oh-yama: “ Science and Application of Photo- 
graphy” (Proceedings of the R. P. S. Centenary Con- 
ference, London 1953) 37 (1955). 

2) Y. Oh-yama and K. Futaki: This Bulletin, 28, 243 
(1955). 

3) Y. Oh-yama, Lectured at “Internat. Konferenz f. 
Wiss. Phot.” K6ln, 1956. (Sci. et Ind. Phot. (2), 27, 390 
(1956)). 


known, and a remarkable resemblance of 
the mechanism of grain growth and that 
of micelle formation of many of these 
surface active substances was also re- 
ported by one of the present authors”. 


Experimental 


To 42ml. of aqueous solution of an active 
substance of varying concentrations (10ml. of 
this solution may be replaced by ethanol when 
necessary for sparingly soluble substance), 10ml. 
of 6% solutions of polyvinyl alcohol and 4ml. of 
0.6m sodium chloride solution are added. The 
mixture is heated to 70°C, and 4ml. of 0.2m 
silver nitrate solution (70°C) is added within 15 
seconds. 

After drawing out 2ml. of this suspension of 
silver chloride at 2,4,8 and 16min. after the 
addition of silver ions, it is diluted with 20 ml. 
of cold water and the turbidity is measured. 

From the fact‘) that the turbidity of the 
suspension is in linear proportion to the mean 
diameter of grains in the region of the sizes in 
question (0.05~0.25y% in diameter), the grain 
growth can be traced by the nephelometric method 
as was previously reported!» The turbidity 
measurement usually adopted'»® (designated as 
K-method) was, however, altered in some cases 
by the method closely resembling Ammann’s® 
(designated as A-method). A simpler method 
which was used in the previous report and de- 
signated as Transmission method (or T-method)”, 
was used only in a few cases. The suspension 
remains almost neutral (6~7) without using 
buffer-solution. 


4) H. Ammann-Brass: Scr. et Ind. Phot. [2], 23, 249 
(1952). 

5) F. Evva: Z. wiss. Phot., 47, 39 (1952). 

6) H. Ammann-Brass: Kolloid Z., 110, 161 (1948). 
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Ripening characteristics (graphs plotting tur- 
bidities against logarithm of the concentration of 
added substances) were obtained as usual!»®, The 
critical concentrations for grain growth (C.C.G.) 
of various compounds were determined as the 
minimum addition concentration which caused a 
definite turbidity-increase (10 units above blank 
in the K-method or total turbidity of 35 units in 
the A-method after 16 minutes’ ripening) on these 
characteristics. The reciprocal of this concentra- 
tion (in millimol) defines the activity and is used 
for the comparison of activities of various com- 
pounds. 


(K- method) 
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Results and Discussion 


(a) Primary Alkyl and _  Aralkyl 
Amines.—Primary amines tested were 
benzyl, 8-phenylethyl, z-hexyl, z-octyl, z- 
decyl, dodecyl and octadecyl amine. Some 
of the ripening characteristics obtained 
are shown in Fig. 1. The critical con- 
centration for grain growth and activity 
of these compounds are computed from 
these curves and listed in Table I. The 
equivalent chain length listed in the 4th 
column was assumed to be counted with 


Octylamire sulfate 
Cg Hi7NHa 54,504 


Dodecylamine sulfate 
Ga Has NH, KHaSOg 


Octadecy! amine sulfate 
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Some of the ripening characteristics of primary amines. 
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0.01 1 


Concentration of Addition 
Fig. 2. Some of the ripening characteristics of alkyl pyridinium and pycolinium compounds. 
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TABLE I 
CRITICAL CONCENTRATICNS FOR GRAIN GROWTH AND ACTIVITIES OF PRIMARY 
AMINES AT pH 6~7 


— Mol. W. chin’ —— Activity va ml 
; length turbidity 
Benzyl amine 107 4 700(?) 0.0014(?) K sulfate 
Phenyl! ethyl amine 121 5 132 0.0076 K u 
n-Hexyl amine 101 6 135 0.0074 K 4 
n-Octyl amine 129 8 13.5 0.074 K ” 
n-Decyl amine 158 10 s +e 4 
Dodecyl amine 185 12 0.0470 21.3 K ” 
Octadecyl amine 269 18 0.00130 770 K 4 
TABLE II 


CRITICAL CONCENTRATIONS FOR GRAIN GROWTH AND ACTIVITIES OF N-ALKYL PYRIDINIUM 
AND PYCOLINIUM COMPOUNDS AT pH 6~7 


‘ere oon Equiv. Method of . 
—— “— chain " whey Activity measuring nae 
‘ length = turbidity 
n-Butyl pyridinium ion 136 6 36.0 0.028 K chloride 
' ‘ y f 3.95 {0.253 fA Pe 
n-Octyl Z 192 10 1 4.00 10.250 \K 
ore , f 1.40 f0.714 {x ‘“ 
n-Decyl 4 4 220 12 \ 1.63 10.613 K 
Dodecy] Z Y 248 14 0.0250 40.0 K 4 
Hexadecyl 7 4 304 18 0.00146 685 K 4 
Octadecyl a ” 332 20 0.00106 942 K bromide 
Hexadecyl oxymethyl- 348 21(?) 0.0125 80 K chloride 
pycolinium ion 
TABLE III 


CRITICAL CONCENTRATIONS FOR GRAIN GROWTH AND ACTIVITIES OF N-ALKYL QUINOLINIUM 
COMPOUNDS AT pH 6~7 


Equiv. 


Substances Equiv. hate 
tested Ww. : 
length 
n-Butyl quinolinium 186 10 
ion 
Benzyl quinolinium 99 
jon 220 10 
n-Octyl quinolinium 242 14 
ion os 
Decy! quinolinium ion 270 16 
Dodecyl quinolinium 298 18 


ion 


their real number of carbon atoms in the 
simple alkyl amines and phenyl group in 
benzyl or phenyl-ethyl radicals was 
counted as 3, and in some other cases it 
will be discussed later in detail. 

(b) N-Alkyl Pyridinium, Pycolinium 
and Quinolinium Compounds.—Some of 
the ripening characteristics are shown in 
Fig 2, and all of the substances tested are 
listed in Tables II and III. 

(c) Relations between Activity and 
Molecular Weight or Chain Length.— 
The activity increases as a whole with 


Method of 


c.c. G. ack Salt 
Activity measuring : 

(mM) turbidity used 

45.00 40.200 fA . 

14.50 10.223 \ K chloride 

(3.30 0.303 { A m 

13.50 10.285 K 

{0.222 (4.56 fA . 

0.230 (4.35 \K 

{0.072 {13.9 fa ‘ 

(0.074 (13.5 \ K 

{0.0064 147 s A . 

{0.0063 {159 \K 


increase in the molecular weight as shown 
in Fig. 3, yet the relation is not so simple 
as was in the case with guanidine, pyri- 
done, pyrrolidone or quinolones which was 
reported before.” 

(d) The Concept of Equivalent Chain 
Length.—The fact that the activities are 
related intrinsically to the chain length of 
the linear alkyl radical attaching to the 
nitrogen atom of these amines rather than 
to the molecular weight itself, was demon- 
strated in Fig. 4. Although there is a 
‘“‘break’’ or a sudden rise of activity 
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Molecular Weight 
Fig. 3. Relation between activities and 
molecular weights of primary alkyl 
amines and WN-alkyl homologues of 
pyridinium and quinolinium compounds. 
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Nos. of carbon atoms in straight 
hydrocarbon chain 


Fig. 4. Relation between activities and 
alkyl chain-length of primary alkyl 
amines and WJN-alkyl cyclo-ammonium 
compounds. 


between 10 and 12 carbon atoms, the 
parallel relation among these three lines 
is quite clear. It is also clear that the 
number of carbon atoms of these cyclic 
hydrocarbon chains of pyridinium or qui- 
nolinium nucleus would participate in the 
activities with the linear alkyl carbon 
chains. 

If we assume an adequate chain length 
for these cyclic nuclei for example, 1 for 
pyrrole, 2 for pyridine, 6 for quinoline 
respectively, and define the equivalent 
chain length (m,) of a certain active 
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compound as the sum of the number of 
carbon atoms of linear alkyl chain and 
that of the chain length of the nucleus 
assumed as above, the relation between 
activity (or the critical concentration of 
grain growth) and the chain length will 
be expressed in the following equation as 
shown in Fig. 5, 


Np—P 


logis C,=logiw A=" 9 55 
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100m Decy! 
120m Dodecy! 






Critical concentration for grain-growth 


0 2 4 6 8 10 12 14 16 18 20 22 
Total Nos. of carbon atoms in equivalent 
chain length (7x8) 

Fig. 5. Relation between activities and 
equivalent chain lengths of various 
primary amines and cyclo ammonium 

compounds. 


where C, is the critical concentration for 
grain growth (in mM), A the activity and 
8 aconstant. Three lines in Fig. 4 now 
coincide with one another and the sudden 
increase in activitys between 10 and 12 
carbon atoms of linear alkyl chains is now 
turned to decrease in f from 12 to 8 
abruptly. 

Assumed chain lengths of these cyclic 
unclei are only empirical, yet the equi- 
valent chain length of these compounds 
seems to be able to be calculated accord- 
ing to the following equation, 


(Nc- -3) 


where 2, is the number of carbon atoms 
in the alkyl chain attached directly to the 
central nitrogen atom, and wz, that of 
carbon atoms in the cyclic nucleus con- 
taining the nitrogen atom. 

(e) Coincidences of the Relation with 
that of Guanidine. Pyridone-quinolone, 
and Imino-pyridine Series.—The concept 
of equivalent chain length is also held 
well as shown in Fig. 6 for guanidine and 
pyridone, quinolone series, whose relations 


Mp=Nat 
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between activity and molecular weight 
were already reported”. In Fig. 6, the 
case of imino-pyridines is also included. 
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iT b 
42 Nn Bayi 





Activity 
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Critical concentration for grain- 


12PIN-Dodecyl2-- = 3 


1 
0 2 4 6 8 0 12 4 16 18 2 22 





Total Nos. of carbon atoms in equivalent 

chain length (mz) 

Fig. 6. Relation between activities and 
equivalent chain lengths of various 
compounds of guanidine-, pyridone- and 
quinolone series. 


The coincidence of Fig. 5 and Fig. 6 is 
most striking, considering that they were 
derived from results of independent ex- 
periments. The reason for this coincidence 
and the intimate relationship between the 
grain growth of silver halide in this case 
and the micelle formation of surface active 
substances was already discussed in an- 
other report in connection with the 
mechanism of these two phenomena”. 

(f) Secondary and Tertiary Amines 


2,4,8 167" 


Ripening 
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60 fears cn] : 
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and Quaternary Ammonium Salts. — 
These compounds tested are listed in 
Table IV, and some of the ripening cha- 
racteristics are shown in Fig. 7. They are 
also as powerful as primary amines, yet 
somewhat less powerful when compared 
on the basis of the molecular weight. It 
will be easily deduced from the above 
mentioned results regarding cyclic ammo- 
nium compounds, that the concept of 
equivalent chain length holds well. Be- 
cause of lack of examples and exactness, 
the calculating method of the equivalent 
chain length for them, however, could not 
be found out from the experimental 
results. 

Fortunately the critical micelle con- 
centration (C. M. C.) of various surface 
active substances can be determined much 
more exactly, so the calculation of the 
equivalent chain length could be easily 
deduced from these data, and at first the 
equivalent chain length (z-) of these 
compounds is assumed to be expressed by 
the following equation, 


Ne=N,+a(i2+n3+M4) 


where 2, %, m; and m, are the numbers 
of carbon atom in four alkyl chains 
attached to the central nitrogen atom of 
these ammonium ions and there exist 
MN=w—Nj—n, (of course for tertiary 
amines 2,=0, and for secondary amines 
H;,=n,=0). 

The constant a calculated from the data 
plotted from the curves determined by 


pH=6 ~7 











0.1 


y™ 0.5 (9)! 


Concentration of Addition 
Fig. 7. Some of the ripening characteristics of secondary, tertiary amines and 


quaternary ammonium salts. 
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Grain Growth of Silver Chloride Suspensions in Aqueous Polyvinyl Alcohol Solution 


TABLE IV 
CRITICAL CONCENTRATIONS FOR GRAIN GROWTH AND ACTIVITIES OF VARIOUS SECONDARY, 
TERTIARY AND QUATERNARY AMMONIUM SALTS AT pH 6~7 


Equiv. 


Method of 


—— “Ww. chain” “(nay =—=«“Activity measuring 524 
Bonsy! Giethyt- 164 6.20 or 3 % ‘as { . ditesite 
Dadeey_dimetby ayy aan 20 FBT CT ulphat 
ee 275 15.85 0.0073 137 K chiestte 
eee ate Seas 304 16.95 0.0032 313 K » 
gy Alay oe 284 17.65 0.0035 286 K brasside 
————- Cl 19.10 { Oo103 9720 {kK _ sulfate 
a — in 19.65 0.0040 250 K chloride 
ae 359 21.85 0.00102 980 K ” 

TABLE V 


ESTIMATION OF THE EQUIVALENT CHAIN LENGTH OF SOME ALIPHATIC QUATERNARY 
AMMONIUM SALTS 


Substances“ aoe = cit.) np ny 
8- 8-1-1-Am 28.3 —1.450 13.42 8 
10-10-1-1-4 m 2.16 —0.334 17.33 10 
12- 1-1-1-Am 23.2 —1.365 33. wv 
12- 8-1-1-Am 1.69 —0.226 ee, a 
12-12-1-1-Am 0.760 -0.119 18.92 12 
16- 1-1-1-Am LT —0.247 17.63 16 


n'p=n,+0.55 
N2+N3+M, NE—N he (m2+m3+ M4) 

Cale. Deviation 

10 5.42 0.542 13.50 0.08 

12 7.33 0.611 16.60 0.73 

3 1.73 0.577 13.65 0.08 

10 5.71 0.571 17.50 0.21 

14 6.92 0.495 19.70 0.78 

3 1.63 0.543 17.65 0.02 
mean 0.5565 mean 0.316 


Names of substances are abbreviated by the numbers of carbon atoms in alkyl chains, e. g. 


Di-octyl-dimethyl ammonium ion is shown by 8-8-1-1-Am. 


(2) Deta from Ralston et al.” 
(3) m, are calculated from the equation; —log (C. M.C.) = — 
-o 
Ralston et al. is 0.55 as shown in Table’ clear), is much higher than those scarcely 


V. This table would also prove the vali- 
dity of the above mentioned assumption. 

In Table IV, together with the experi- 
mental data there also are shown the 
equivalent chain lengths of compounds 
tested, calculated by the above mentioned 
method. The relation between the activity 
and the equivalent chain-length is plotted 
in Fig. 8. Two straight lines drawn in 
the figure are identical with those of Fig. 
5. 

It is interesting to know that the activity 
of the compound, whose solubility in water 
is very great, e. g. dodecylbenzyldimethyl 
ammonium salt (10% solution is quite 


7) A. W. Ralston, D. N. Eggenberger and P. L. Du. 
Brow. J. Am. Chem. Soc., 7O, 977 (1948). 


soluble compounds such as decyl- or dode- 
cylamine, and is almost comparable with 
that of octadecyl amine which is not com- 
pletely soluble in less than 0.001%. 


Summary 


Various alkyl amines and ammonium 
compounds (non-cyclic and cyclic) were 
tested as accelerators for the grain growth 
of silver chloride suspension in aqueous 
polyvinyl alcohol solution. 

The relation previously found between 
the molecular weight and the grain growth 
acceleration activity (A) of various organic 
N-derivatives did not exactly hold for 
these series of compounds. 
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Fig. 8. Relation between activities and 
equivalent chain lengths of various 
secondary, tertiary amines and quater- 
nary ammonium salts. 
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Instead, when the concept of the equi- 
valent chain length is introduced, the data 
were able to be represented by: 
log A= -—-log C,=(nz—§)/3.50, where C, is 
the critical concentration for grain growth 
(in millimol), zz the equivalent chain 
length and § 8 or 12. 

This equation quite resembles the re- 
lation between chain length and critical 
micelle concentration of many surface 
active compounds. The fact leads to the 
author’s assumption that the mechanism 
of grain growth of silver chloride would 
be intrinsically identical with that of 
micelle formation and this was discussed 
in another paper. 

The equivalent chain lengths of some 
of these active substances were able to 
be derived empirically from the number 
of carbon atoms in the molecule. 


Research Section, Kyoto Factory 
Mitsubishi Paper Mills Co. 
Kyoto 


Studies on the Monodisperse Aerosols. III. 
The Formation of Sulfur Aerosols 


By Susumu KITANI 


(Received July 22, 1957) 


The formation of monodisperse aerosols 
of various substances has been frequently 
investigated with relation to the colloid 
chemical studies on aerosols. Since the 
studies of La Mer-Sinclair using their 
aerosol generator'’, the preparation of 
uniform aerosols has become easy to per- 
form and it has been possible to extend 
the method to any kind of aerosol. 

Ford and La Mer* measured the vapor 
pressure of a supercooled liquid sulfur 
droplet which was prepared by the La 
Mer-Sinciair generator with the nuclei of 
sodium chloride. Kerker and others” 
announced that a sulfur aerosol could be 
nucleated with sulfuric acid vapor to 
produce smaller particles, while large 


1) D. Sinclair and V. K. La Mer, Chem. Rev., 44, 245 
(1949). 

2) Atomic Energy Commission, ‘‘ Handbook on Aero- 
sols”, Washington, D. C., (1950), p. 77. 

3) G. P. Ford and V. K. La Mer, J. Am. Chem. Soc., 
72, 1959 (1950). 

4) M. Kerker and others, J. Colloid Sci., 10, 413 (1950). 


particles of sulfur aerosols were prepared 
by self-nucleation. As a rule, monodis- 
perse aerosols are obtained only when 
proper nuclei are given homogeneously 
to a supersaturated vapor. Sinclair” 
mentioned that, in the formation of mono- 
disperse aerosols by the La Mer-Sinclair 
generator, the condensation nuclei are 
formed in the ionizer by a high-voltage 
electric spark, and that the nuclei may 
be ionized molecules of air and its related 
compounds. 

It was found in this experiment that 
monodispersed aerosols were obtained by 
introduction of the nuclei produced by the 
flaming spark of silver electrodes. We 
attempted to investigate what nuclei are 
effective in the formation of sulfur aerosol 
by the condensation method. 


Experimental 


The apparatus used for the formation of sulfur 
aerosols is shown schematically in Fig. 1. The 


- 


- 
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sulfur aerosols have been prepared by using a 
modified La Mer-Sinclair aerosol generator and 
ion separators A and B. The modification consists 
in separating the ionizer from the boiler. The 








Boiler Reheater 





D: Drier 
F: Glasswool filter 
I.S. A., I.S.B.: Ion separator 
NG: Nuclei generator 
f;, fo: Flow-meter 
S: Sulfur 
Fig. 1. The apparatus for the formation 
of sulfur aerosols. 


ionizer is called ‘‘nuclei generator’’ in this 
paper. It consists of a glass tube, 35mm. in 
diameter and 90mm. in length, fitted with the 
electrodes, made of silver wires (0.5mm. in 
diameter) and fixed 6mm. apart. An electric 
current of 10mA. was applied at 11 kV. of A.C. 
in nitrogen or air. The ion separator A was 
placed between the boiler and the nuclei generator 
in order to remove the charged substances result- 
ing from the electric spark; another ion separator 
B was used to exclude air ions and charged 
particles of dust. The separators A and B consist 
of rectangular pipe, 20cm. in length, made of 
aluminum plates, lcm. in width and 20cm. in 
length, set parallel and lcm. apart from each 
other, and other parallel plates are made of 
bakelite of the same size as the aluminum ele- 
ctrodes and serve as the electric insulator. 

The boiler and the reheater were heated ele- 
ctrically and kept at a given temperature by 
thermoregulators: the former was operated at 
from 120° to 140°C, and the latter at from 130 
to 150°C. In most runs of experiment, the latter 
was maintained higher by 10°C than the former. 

The air, purified by passing through concen- 
trated sulfuric acid, glasswool and the ion separa- 
tor B, was passed through both of two branches 
at the rate of 0.251./min. into the boiler; one 
branch served to bubble through liquid sulfur 
and the other to send condensation nuclei through 
the ion separator A. 

The distribution of particle size was measured 
by the ‘‘Owl’’!») and an ultramicroscope. The 
average radius 7 was calculated by application 
of the Stokes-Cunningham’s equation from the 
terminal velocity of particles in the cell of the 
ultramicroscope». The standard deviation o was 
evaluated by 
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(DiNi(ri—F)2) 2 

xsiNi_ 
where N; is the number of particles of radius rj. 
The fractions of charged particles were also 
measured from the direction of electrophoresis 
of particles in the cell of the ultramicroscope. 
Sulfur, used in this experiment, was purified by 
recrystallization from carbon disulfide solution. 


(1) 


Results 


The condensing chimney of La Mer- 
Sinclair generator consists of a double 
tube and, for comparison, the chimney of 
a single tube was also used in the present 
work. In both cases, the monodisperse 
aerosols in the state of supercooled liquid 
were formed only when the nuclei were 
given by the flaming spark of silver ele- 
ctrodes. In the case of the absence of 
nuclei, polydisperse aerosols were pro- 
duced in the condensing chimney of a 
single tube but we could hardly get the 
aerosols in the chimney of the double tube. 
When the single tube was used, the 
aerosols might be produced by self-nuclea- 
tion owing to a rapid cooling. 

It is found in Fig. 2 that the higher the 
temperature of the boiler, the larger the 
average radius 7. The higher order 
Tyndall spectra on sulfur aerosols were 


0.6 


0.4 


(ys) 


a 


120 130 140 150 


Boiler temperature, °C. 


Fig. 2. Dependence of the average radius, 
Fr, as a function of boiler temperature. 


6 
4 ° 
a 0 
2 
0 02 04 06 


F (pt) 
Fig. 3. The number of reds, mp, (the higher 
order Tyndall spectra) vs. the particle of 
average radius, Fr. 
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observed by the ‘‘Owl’’. The number of 
red bands, mz, is plotted against 7 in Fig. 
3. The 7, o and the fractions of charged 
particles obtained using the condensing 
chimney of a single tube and of a double 
one were plotted as the function of voltage 
of the ion separator A as shown in Figs. 
4, 5 and 6. 
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Voltage of the ion separator 
---@---: Boiler temp. 120°C & ) with the con- 
reheater temp. 130°C. densing 
---@--: Boiler temp. 130°C & (chimney of 
reheater temp. 140°C. double tube. 
with the con- 
140°C & densing 
chimney of 
single tube. 
Fig. 4. Dependence of the average radius, 
Fr, as a function of the voltage of the ion 
separator A. 
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Fig. 5. Dependence of the standard devia- 
tion, ¢(#), as a function of the voltage of 
the ion separator A. (notations are the 

same as Fig. 4.) 
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Voltage of the ion separator A 
Fig. 6. Dependence of the fraction of charged 
particles as a function of the voltage of the 
ion separator A. (notations are the same 
as Fig. 4.) 


KITANI [Vol. 31, No. 1 

It appears that 7 and o remained almost 
constant while the fractions of charged 
particles decreased monotonously with the 
increase in the voltage of the ion separator 
A. It was noted that these tendencies 
were similar in all the other cases. 


Discussion 


The liquid sulfur aerosols were formed 
by means of the La Mer-Sinclair generator 
using the flaming spark of silver electro- 
des. It seems that silver is vaporized at 
high temperature in the process of eletric 
discharge. Particles of silver vapor can 
coalesce with each other both by condensa- 
tion and by coagulation to yield minute 
particles. It appears in this work that 
the effective nuclei are such silver parti- 
cles as described below. 

If a particle of radius 7, having an 
electric charge of m units, moves in air 
with velocity v in a uniform electric field 
E, it holds that 


nEe=6zrnv(1+Al/r)- (2) 


where 7 is the viscosity coefficient of air, 
A the Cunningham’s constant and / the 
mean free path of air molecules. It is 
calculated from the flow rate of air that the 
charged particle moving towards the ele- 
ctrode of opposite sign, with a velocity 
greater than 0.21cm., is excluded while it 
passes through the ion separator. Assum- 
ing that 

n=1, e=4.8x10-'’e.s. u., 
c.g.s.u., Al=1.0x10-5cm. 
and Al>7, the relation between £’ (the 
electric field expressed in terms of practi- 
cal units) and the radius 7 of the particle 
to be excluded becomes 


E'=4.5x10" 7’, (3) 


which will be applicable in the range of 
gas molecules”. The equation (3) is plotted 
in Fig. 7. 


7=1.8x10-! 


Excluded Par ticles 
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Voltage of the ion separator A 
Fig. 7. The particle radius, r, excluded vs. 
the voltage of the ion separator. 


5) R. Whytlaw-Gray and H. S. Patterson, ‘‘ Smoke”, 
London, (1932), p. 94. 
6) J. W. Thomas, J. Colloid Sci., 10, 25 (1955). 
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It is seen from equation (3) that ordinary 
air ions were easily removed under the 
condition of 0.1 V./cm. through the ion 
separator A owing to their large mobility. 
If these air ions were effective nuclei as 
presumed by Sinclair, both values of 7 and 
o of aerosols would be remarkably altered 
by excluding them. But it is difficult to 
find such an effect in this experiment (cf. 
Figs. 4 & 5). 

Silver was detected by spectrographic 
analysis of the flaming spark in the nuclei 
generator. The silver particles resulting 
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micrograph of the 
silver particles produced from the ele- 
ctrodes in nuclei generator (discharging 
2.5 min. and standing 17 hours in nitrogen). 


Photograph. Electron 
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from the electrodes at high temperature 
were detected in the electron microscopic 
photograph. Although the particles found 
in the photograph are large, the nuclei, 
working in the process of the aerosol 
formation may be minute; the former 
particles might have grown by coagulation. 

The oxygen compounds such as ozone 
and nitrogen dioxide which come out from 
discharge were detected easily. Ozone was 
detected in the gas passed through the 
nuclei generator by the _ iodine-starch 
reaction, and nitrogen dioxide was col- 
lected in a dry ice-alcohol cold trap from 
the above gas and detected by the change 
in color coming from the variation of the 
temperature. However, it is supposed 
that such substances do not act as the 
nuclei in the process of the aerosol forma- 
tion, because the sulfur aerosols were 
formed equally in both nitrogen and air. 

It is permissible from the above argu- 
ments to conclude that the minute silver 
particles are the effective nuclei in the 
process of aerosol formation, while neither 
ionized gaseous molecules nor the oxygen 
compounds such as ozone and nitrogen 
dioxide act as the nuclei. 


The author expresses his thanks to 
Professor I. Sano and Mr. Y. Fujitani for 
their helpful suggestion during this work. 


Department of Chemistry 
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Heats of Dilution of Polystyrene Solutions. II 


By Kazuo Amaya and Ryoichi Fujisutro* 


(Received June 24, 1957) 


The measurement of heat of dilution of 
polymer solutions is very significant for 
investigating the interaction power be- 
tween polymer and solvent molecules. In 
the previous paper” we reported the heats 


* Present address: Institute of Polytechnics, Osaka 
City University, Kitaku, Osaka. 

1) K. Amaya and R. Fujishiro, This Bulletin, 29, 270 
(1956). 


of dilution in the solutions of polystyrene 
in toluene, ethylbenzene and chloroform. 
In this paper we shall report the heats of 
dilution in the systems of polystyrene- 
benzene, and polystyrene-cyclohexane. In 
both systems the heats have been directly 
measured by a few authors and in parti- 
cular the results obtained in the former 
system seem not to be consistent with 
each other. 
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Experimentals 


Apparatus--The calorimeter used has been 
described in the previous paper”. 

Materials—-A sample of polystyrene was the 
same as that used in the previous paper’ and 
its degree of polymerisation was 275. The sol- 
vents were purified according to the method 
described in the literature and finally distilled. 


Result and Discussion 


The heat of dilution was measured by 
adding 5cc. of solvent to the polymer 
solution having a definite concentration. 
The measurement was made at 25°C in 
the benzene system and at 30°C in the 
cyclohexane one, since at 25°C homogene- 
ous solution could not be obtained for the 
latter. 

The results obtained are shown in Table 
I. Both systems, solutions of polystyrene- 
benzene and_ polystyrene-cyclohexane, 
were endothermic. Assuming that the 
heat of mixing is represented by the 
formula of van Laar’s type, and making 
a simple treatment described in the pre- 
vious paper, the integral heat of dilution 
4H, from the volume fraction of polymer 
v, to v,’ can be represented by 


4H,=a(Vov,-—V'v';) (1) 


TABLE I 
HEAT OF DILUTION OF POLYMER SOLUTION 
1. Polystyrene-benzene system at 25 C. 


Before dilution After dilution Heat e 


absorbed 
V ce. v V' v' cal. cal/cc. 
4.75 0.185 9.75 0.090 0.052 0.62 
4.85 0.185 9.85 0.091 0.061 0.72 
3.73 0.185 8.73 0.079 0.067 0.92 


4.82 0.153 9.82 0.075 0.048 0.82 
4.79 0.153 9.79 0.075 0.034 0.59 
2. Polystyrene-cyclohexane system at 30 C. 
4.90 0.108 9.90 0.053 0.142 4.9 
9.90 0.053 14.90 0.036 0.116 . 12 
14.90 0.036 19.90 0.027 0.099 21 


4.95 0.108 9.95 0.054 0.154 5.3 
9.95 0.054 14.95 0.036 0.127 13 
14.95 0.036 19.95 0.027 0.089 19 


where a is the interaction parameter be- 
tween polymer and solvent, and Vand V’ 
are the volume of solutions before or after 
the dilution, respectively. 

By the use of (1), the values of a can 
be calculated fer both systems. They are 
shown in the last column of Table I. From 
Table I, it will be found that the values 
of a for the polystyrene-benzene system 
fluctuate considerably and those for the 
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polystyrene-cyclohexane system increase 
anomally as the concentration of polymer 
decreases. 

Considerable fluctuation of the values 
of a in the former case may be probably 
due to the experimental errors arising 
from stirring of the viscous solution on 
mixing, though the correction owing to 
stirring is made in each operation. 

This could be understood, if it is con- 
sidered that as the volume fractions of 
polystyrene are about two times higher in 
benzene than in cyclohexane and benzene 
is a better solvent than cyclohexane for 
polystyrene, the benzene solution is con- 
siderably more viscous than the cyclo- 
hexane solution and the former required 
much longer duration of stirring than the 
latter to make the solution homogeneous. 

Even taking these experimental errors 
into consideration, the value of a in the 
benzene solution seems to be positive and 
is in the neighborhood of +0.7. 

For the cyclohexane-polystyrene system, 
anormal increase of the values of a with 
the decrease of polymer concentration is 
difficult to explain. A tentative explana- 
tion may be as follows. Cyclohexane is a 
bad solvent for polystyrene and the criti- 
cal temperature for the cyclohexane solu- 
tion of polystyrene is in the neighborhood 
of 27°C**, though it is dependent on the 
molecular weight of polystyrene. The 
temperature at which the measurements 
were made is 30°C, being slightly higher 
than the critical temperature. Hence, it 
may be reasonable to suppose that in the 
solution at 30°C there will remain more 
or less the same aggregations of polymer 
as in the solution below the critical tem- 
perature. On dilution of such a solution 
it will be presumed that unusual heats 
are absorbed for separating these aggrega- 
tions in the range of lower concentrations 
of polymer. 

For the sake of comparison with the 
data for polymer solution, the heat of 
mixing and of dilution of ethylbenzene 
(which may be regarded as a monomer 
unit of polystyrene), with benzene and 
cyclohexane was also measured. The 
results are shown in Table II. From these 
data the values of a were calculated by 
the same procedure as in the polystyrene 
solution. These values are shown in the 
last column of Table II. 

As in the previous paper, it will be 
found that the interaction parameter 


** A. R. Shultz and P. J. Flory. J. Am. Chem. Soc., 
74, 4760 (1952). 
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TABLE II 
HEATS OF MIXING AND DILUTION OF ETHYL- 
BENZENE SOLUTION AT 25°C. 
1. Ethylbenzene-benzene system 
Before dilution After dilution Heat 


absorbed 7 
V ce. v Vcc. v cal.  cal./cc. 
5 1.000 10 0.500 2.450 0.98 
10 0.500 15 0.333 0.792 0.97 
15 0-333 20 0.250 0.351 0.96 
2. Ethylbenzene-cyclohexane system 
5 1.000 10 0.500 9.04 3.0 
10 0.500 15 0.333 1.918 2.8 
15 0.333 20 0.250 1.491 2.9 
20 0.250 25 0.200 0.824 2.9 


between polymer and solvent has the same 
sign as that between the monomer unit of 
polymer (ethylbenzene) and the solvent 
for each system. The interaction para- 
meter in the benzene-polystyrene system 
is a little smaller than that in the monomer 
unit-benzene system. This may be easily 
understood, as it is supposed that there 
may be more chances of the self-contacts 
between polymer segments in the polymer 
solution, as Meares pointed out”. On the 
other hand, the values of a for the poly- 
styrene-cyclohexane system are higher 
than for the monomer unit-cyclohexane 
system. This may be explained if it is 
considered that there remain more or less 
the aggregations of polymers in the cyclo- 
hexane solution as mentioned above. 

Our results are compared with the data 
obtained by other authors. Tompa®” found 
that the value of a for the benzene solu- 
tion was —0.7~-1.6cal./cc. from the 
direct measurement of heats of dilution. 
(Here the value of a is recalculated from 
the value of # obtained by Tompa accord- 
ing to the equation, “=Vya/kT, where V, 
is the partial molar volume of benzene in 
the polymer solution) Tompa’s value of a 
is contradictory to our result in sign. 

As for this system there have been no 
other reports on direct measurement of 
heat of dilution to be compared with ours. 
But here we shall discuss, making use of 
the results of heats of mixing between 
polystyrene and benzene obtained by 
Hellfritz®. According to Hellfritz, the 
heat of solution of polystyrene in ben- 
zene is —-3.69cal. per gram of polystyrene, 
which seems to be favorable for explaining 
Tompa’s data. 

The measurement of density of polysty- 


2) P. Meares, Trans. Faraday Soc., 47, 699 (1951). 
3) H. Tompa, J. Polymer Sci., 8, 51 (1953). 
4) H. Hellfritz, Makromol. Chem.,7, 191 (1951). 
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rene by Boyer and Streeter, however, 
showed that the specific volume of poly- 
styrene is considerably smaller in the 
dilute solution than in the solid state and 
it is constant independent of the concentra- 
tion in the former state. Hence, the solid 
state of polymer may be supposed to have 
a glassy and loose structure containing 
many vacant holes and to be a metastable 
state, as Jenckel and Gorke pointed out”. 
The state of polymer having the same 
specific volume as in the dilute solution 
will probably be the one in equilibrium. 

Thus, the process of solution will be 
divided into two parts. The one is the 
transformation of polymer from a glassy 
state to a stable one or the occupation of 
many holes in’ polymer by solvent mole- 
cules, and this may be expected to occur 
in the range of higher concentrations and 
decrease the specific volume of polymer 
considerably. The other is the process of 
normal dilution or of mixing between 
polymer in equilibrium state and solvents. 
This will occur in all concentration ranges 
and is detectable only in the dilution of 
solution having a lower concentration, 
because of the dominancy of the first pro- 
cess in the higher concentrations. 

Hence, the heat of solution will be given 
as the sum of the heat of two processes. 
The heat of the first is calculated as that 
arising from the condensation of solvent 
into holes of polymer. As the specific 
volumes of polystyrene in a solid state 
and in a dilute solution are 0.956 and 0.905 
cc. respectively and the heat of vaporiza- 
tion per cc. of benzene is 890.9 cal., the 
energy of condensation of benzene in 0.051 
ce. (0.956—0.905cc.) of vacant holes of 
polystyrene will amount to --4.21 cal.. 
Combining this value with the heat of 
solution, we can obtain 0.52 cal. for the 
value of the heat arising only from infinite 
dilution of a gram of polystyrene with 
benzene. 

Taking 0.52 cal./g. as the heat of infinite 
dilution and using Eq. (1) we can obtain 
the value of a of 0.6 cal./cc., which may 
be consistent with our result both in sign 
and in magnitude. 

Similar treatments can be applied to 
other solutions of polystyrene. The values 
of a thus obtained are shown in Table 
III. The values of a thus calculated from 
the heat of solution seems to be consistent 


5) D. J. Streeter and R. F. Boyer, Ind. Eng. Chem., 


43, 17°50 (1951). 
6) E. Jenckel and K. Gorke, Z. Electrechem., GO, 579 


(1956). 
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TABLE III 
INTERACTION PARAMETER CALCULATED FROM THE HEATS OF SOLUTION 


Solvent Chloroform Toluene Benzene Cyclohexane 

Heat of solution of polymer”. cal./g. —4.4 —3.99 -3.69 0.59 
Spec. vol. of polymer in solid». cc. 0.957 0.957 0.957 0.957 
Spec. vol. of polymer in dil. soln®. cc. 0.908 0.914 0.905 0.933*** 
Decrease of volume polymer cc. 0.049 0.043 0.052 0.024 
Heat of vaporization of solvent”. cal/cc. 79.7 74.4 80.9 60.8 
Heat of condensation of solvent into 

vacant sites of polymer. cal./g. 3.91 3.20 —4.21 1.46 
Net heat of dilution cal./g. 0.49 0.79 0.52 2.05 
a cal./cc. 0.54 0.86 0.57 2.20 
a observed. cal./cc. 1.1~-1.3 1.4~—1.5 0.5~0.9 5~20 


in sign with our results, though in magni- 
tude some deviations are seen. 


Summary 


The heats of dilution in the systems of 
polystyrene-benzene and _ polystyrene- 
cyclohexane were measured and the values 
of interaction parameters were derived. 
The heat of mixing of ethylbenzene, which 


7) J.H. Hildebrand and R. L. Scott, ‘‘ Solubility of Non- 
electrolytes’, Reinhold, 1950. 

*** Since there 1s no data in cyclohexane, the value in 
dioxane which is considered to be similar to cyclohex- 
ane, is indicated 


Alkylalkoxypolysiloxanes. 


may be regarded as the monomer unit of 
polystyrene, with the same solvents was 
also measured and it was found that the 
interaction of polymer solutions has the 
same sign as those of the corresponding 
monomer unit solutions. 


We would like to express our gratitude 
to Professor A. Kotera of Tokyo Univer- 
sity of Education for his valuable sugges- 
tions. 


Department of Chemistry 
Faculty of Science, Kobe University 
Higashinada-ku, Kobe 


VI. Lower Members of Cyclic Methyl-, 


and Ethyl-ethoxypolystloxanes 


By Rokuro Oxawara, Gi-ichi Minami and Zensaburo Oku 


(Received July 11, 1957) 


Lower members of linear methyl-, and 
ethyl-ethoxypolysiloxanes as indicated by 
formula L, have been prepared by the 
partial hydrolysis of methyltriethoxy- 
silane*? and by the thermal reaction be- 
tween ethyltriethoxysilane and partially 
ethanolyzed ethyltrichlorosilane”’, but of 
the cyclo-compounds as indicated by for- 
mula C, no report has been presented. 


R 

| 
L,: C,H O | -SiO- C.H; (R=CH; and C:H:;) 
| 
OC:H:.: a 


1) Part V of this series, R. Okawara and M. Saki- 
yama, This Bulletin, 28, 367 (1955). 

2) H. J. Flether and M. J. Hunter, J. Am. Chem. Soc., 
71, 2922 (1949). 

3) R. Okawara, This Bulletin, 27, 428 (1954). 


R 


| 
Cy ° -SiO- 


| 
OC-H:~;, 


Recently, diethoxycyclopolysiloxanes” hav- 
ing three to five silicon atoms were pre- 
pared by rapid hydrolysis of diethoxydi- 
chiorosilane using pyridine as an acid 
acceptor, and the liberated cyclotrimer, 
hexaethoxycyclotrisiloxane was found to 
be an unstable compound. 

Here, this process was applied to methy]l- 
ethoxydichlorosilane (I) and ethylethoxy- 
dichlorosilane (II), and the first two 
members of cyclopolysiloxanes, C; and C, 


4) R. Okawara, S. Hotta and T. Shimura, ibid., 28, 
541 (1955). 
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were obtained. As well as the case of 
diethoxydichlorosilane, these cyclotrimers 
were formed preferably by the hydrolysis 
carried out with considerable dropping 
rate. From the results of the fractionation 
of the hydrolyzate obtained from I, the 
boiling point of the cyclotetramer 
(129°C/10 mm.) was found to be very close 
to that of the linear trimer (126°C/10 mm.) 
which was obtained by treating the 
fractionation residue of the partially 
ethanolyzed product with sodium bicar- 
bonate. The fractionation of the hydro- 
lyzate of II gave succeeding plateaus of 
dimer, cyclotrimer, linear trimer and 
cyclotetramer. In this case, the amount 
of the cyclotrimer was not so small as in 
the case of hydrolysis of I, which was 
carried out under similar conditions. 
Further fractionation of the hydrolyzates 
I and II gave some plateaus, but their 
silicon content was not satisfactory enough 
to be taken as cyclo compounds. 

The refractive index of cyclotrimer, 
(CH;Si(OC:H;)O); gradually increased 
during storage, but the change was not 
observed on the other three compounds 
given in Table II. A similar change has 
been rep d with unstable cyclotrimers, 
((CH;) Hi ) ((C2HsQ)2SiO);” and 
((C,H;)HSiO);. . 

Infrared spectra of two cyclotrimers ob- 
tained in these experiments showed an 
absorption band at 1023cm™'. Recently, 
the band appearing at 1023cm™' in the 
spectra of unstable _ triethylcyclotrisil- 
oxane’ was found to decrease in intensity 
with its increase in refractive index and 
viscosity on storage. Since with unstable 
((CH;)Si(OC2H;)O); a similar decrease in 
intensity and an increase in viscosity were 
also found, it is natural to suppose that 
this band is a characteristic one associated 
with the cyclotrisiloxane ring, as the band 
at 1010—1020cm~! has been found in the 
spectra of dialkylcyclotrisiloxanes”. If 
the assumption described above were an 
appropriate one, the decrease in intensity 
of 1023cm~-! band should be related to 
the opening of cyclotrisiloxane ring pro- 
bably to form a higher polymer. 


Experimental 


Starting Materials. — Methyltrichlorosilane 
used in these experiments was prepared by frac- 


5) S. D. Brewer, J. Am. Chem. Soc., 7O, 3962 (1948). 

6) R.Okawara, U. Takahashi and M. Sakiyama, This 
Bulletin, 30, 608 (1957). 

7) C. W. Young, P. C. Servais, C. C. Currie and M. 
J. Hunter, J. Am. Chem. Soc., 70, 3758 (1948). 
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tionation through a Stedman column of about 20 
theoretical plates from ‘98% methyltrichlo- 
rosilane’’ supplied by the Shin-etsu Chem. Ind. 
Co. The hydrolyzable chlorine of the sample 
was 70.8—71.2% (Calcd. for CH;SiCl; : Cl, 71.2%). 
Methylethoxydichlorosilane was prepared by add- 
ing 0.8mole of absolute ethanol to 1 mole of 
methyltrichlorosilane with vigorous stirring. 
After the addition, the mixture was heated gra- 
dually to 50°C with stirring. Then the mixture, 
which contained unreacted methyltrichlorosilane 
(ca. 30%), methylethoxydichlorosilane (ca. 30%) 
and further ethanolyzed substances, was frac- 
tionated through the same column. The methyl- 
ethoxydichlorosilane fraction which had a con- 
stant boiling point of 100°C, having a chlorine 
content of 43—44% was collected and redistilled 
through the same column and the middle portion 
of the distillate was taken as the starting mate- 
rials. : 

Anal. Found: 
Cl,Si : Cl, 44.6%. 

Ethylethoxydichlorosilane (b.p. 127°C) was 
prepared by the similar partial ethanolysis of 
ethyltrichlorosilane which was obtained from the 
product of silicon-ethylchloride reaction. 

Anal. Found: Cl, 41.0%. Caled. for C,yHio 
OC1,Si : Cl, 41.0%. 

Hydrolysis and Fractionation of the Hy- 
drolyzate.—Hydrolysis was carried out as des- 
cribed in the preceding paper. The product 
(P g.) was simply distilled at 10mm. by using a 
Claisen flask. The weight percentage to P of 
the distillate (D) which came out up to the indi- 
cated temperature is also given in Table I. 

In Table I, the results obtained with methy]l- 
ethoxydichlorosilane(I) as starting material are 
given in Expt. 1 to 4. In these experiments, the 
distillate (D) was rigorously fractionated through 
a Stedman column of about 20 theoretical plates 
and the refractive indices of the distillates were 
measured throughout the distillation. Two pla- 
teaus, which were due to cyclotrimer (94°C/10 mm.) 
and cyclotetramer (129°C/10mm.) appeared in 
Expt. 1 to 3, in which the hydrolysis was carried 
out rapidly. In these three experiments, the 
refractive index and the silicon content of the 
plateau of cyclotrimer were nj} 1.3955--9, and 


Cl, 44.6%. Caled. for C;H,O 


(°C) 


Temp. 








Distillate (cc.) 
Fig. 1. Distillation curve of methylethoxy- 
polysiloxanes (Expt. 2 of Table I). 
L,: Linear n-mer, Cy: Cyclo-n-mer 
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TABLE I 
HYDROLYSIS OF DICHLOROSILANE 


Hydrolysis Simple Distillation 
A — - of P. at 10mmHg 
—_— —— Mixture Highest Dropping Product 
ND r Temp. Rate of (P.) Temp.** Distillate 
sli ci e) Benzene Pyridine H,O attained Chloro- (D.) 
g. g. g. with mix- silane g- % Theory °C 2,to P. 
(mole) (mole) ing °C g./min. 
1 Ff 189 250 175 19 39 14 66 63 180 33 
(1.0) (2.2) (1.05) 
2 I 159 250 175 18 52 32 75 72 175 33 
(1.0) (2.2) (1.0) 
3 4Ct 159 250 175 18 43 24 82 79 171 39 
(1.0) (2.2) (1.0) 
éi 80 125 87 9 3 1.6 41 79 148 30 
(0.5) (1.1) (0.5) 
5§ I* 173 250 160 18 48 25 92 78 198 49 
(1.0) (1.0) (1.0) 
6 Il 173 400 160 18 39 35 95 80 200 53 
(1.0) (1.0) (1.0) 


* I: CH 3(C:H;0)SiCl, II: C,;H;(C2H;O)SiCl, 
** Distillate was collected up to this temperature (the stil-pot temperature was 250—260°C). 


26.86—-26.97% (Calcd. for C;H,O.Si: Si, 26.96%) 
respectively. The’ refractive index of the 
plateau of cyclotetramer gradually approached 
to a constant value, ni} 1.4001, and the silicon 
content of this portion was also satisfactory to 
take it as a cyclocompound. For example, the 
distillation curve of Expt. 2 is shown in Fig. 1. 

In Expt. 4, chlorosilane was dropped very slowly 
to make sure that the presumption that the for- 
mation of the cyclotrimer is related to the drop- 
ping rate in this case too. Because a half mole 
of the chlorosilane was used in this run, the 
distillate (D) which could be put to use for frac- 
tionation was 12g. Only 2cc. of the fraction 
which distilled out below 120°C/10mm. was 
separated into four portions. Though the silicon 
content of the third portion (0.5cc.) boiling at 
89°—94°C/10 mm. showed the presence of cyclo- 
trimer, its plateaus did not appear. 

The residues of the simple distillation under 
10mm. were collected and further distilled simply 
under 1mm. To the distillate coming out below 
200°C (stil-pot temperature, 260°C), the fractiona- 
tion residues of (2) were added and redistilled 
rigorously through a high efficient Stedman 
column of about 50 theoretical plates. Two 
gradually rising plateaus were found at 114°— 
118°C/1 mm. and 140°—143°C/1mm., but the sili- 
con contents of these plateaus were 25.7--24.8% 
25.0--24.3% respectively, which shows that these 
plateaus are not those of pure cyclocompounds. 
(Caled. for cyclocompounds; Si, 26.96%). 

The data starting with ethylethoxydichloro- 
silane(II) are given in Expt. 5 and 6 in Table I. 
The distillate (D) was clear oil and the residue 
was highly viscous oil. The distillate was frac- 
tionated through the high efficient Stedman 
column. A small amount of dimer (ns 1.4024, 
d} 0.9500. Reported: n% 1.4006, d%} 0.9473. 
Anal. Found: Si, 18.65%. Caled. for C,H, 
O;Si, : Si, 18.06%) then the succeeding plateaus 
of cyclotrimer, linear trimer (nj) 1.4074, d?° 0.9764. 


Reported»: ni) 1.4074, d? 0.9750. Anal. Found: 
Si, 19.76%. Calcd. for linear trimer: Si, 19.64 %) 
and cyclotetramer were obtained as shown in 
Fig. 2. 








2 
—2| « 
| 40 —~ 
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aul 41,4100 & 
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3 | Cy c | 4 
- " | L. a4 
, o: 
a a 1 2 
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2 10 C3 41,4000 
as 
sr | | 
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Distillate (cc.) 
Fig. 2. Distillation curve of ethylethoxy- 
polysiloxanes (Expt. 5. of Table I). 
Ln»: Linear n-mer, C,: Cyclo-n-mer 


The residue of each experiment was collected 
and fractionated through the same column. A 
small amount of linear tetramer (n{} 1.4127, dj}? 
0.9900. Reported®: nj} 1.4148, d? 0.9960. Anal. 
Found: Si, 20.47%. Calcd. for linear tetramer: 
Si, 20.63%) and impure cyclopentamer (b. p. 
147°C/I1mm., nj} 1.4204. Anal. Found: Si, 
23.26%. Calcd. for cyclopentamer: Si, 23.76%) 
were obtained. Properties of the cyclocompounds 
are given in Table II. 

Preparation and Physical Constants of 
Linear Metylethoxypolysiloxanes.—The frac- 
tionation residue of the partially ethanolyzed 
methyltrichlorosilane (186g., chlorine content: 
20.1%) was treated with 49g. of sodium bicarbo- 
nate». Chlorine-free product (107 g.) was rigo- 
rously fractionated through a high efficient 


8) R. Okawara et al., This Bulletin, 28, 360, 364, 367 
(1955). 
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TABLE II 
CYCLIC METHYL-, AND ETHYL-ETHOX YPOLYSILOX ANES 
Polymer Boiling Refractive Density Molar Molecular %Si*** 
Size Point Index Refraction Weight 
a C/ H 20 a Found Found** Found 
ete ™p 4 (Calcd.)* (Calcd.) (Calcd.) 
(CH3(C2H;O) SiO) », 
3 94/10 1.3959 — -- -- 26.94 
(72.09) (313) (26.96) 
4 129/10 1.4001 1.0462 96.48 417 26.97 
(96.12) (417) (26.96) 
(C3H; (C2H;0) SiO) » 
3 92/2 1.4125 1.0292 85.86 349 23.77 
(85.98) (355) (23.76) 
4 131/2 1.4158 1.0317 115.0 477 23.72 
(114.2) (473) (23.76) 


* Calculated from bond refractivities by E. L. Warrick, J. Am. Chem. 


(1946). 


** Cryoscopic measurements in benzene. 


Soc., 68, 2455 


*** Silicon was determined by decomposing the sample with sulfuric acid. 


column. Succeeding to a small amount of ethanol 
(5%), monomer (15%), dimer (16%), trimer 
(10%) and tetramer (5%) of the methylethoxy- 
polysiloxanes were obtained. Properties of the 
linear polymers until trimer accorded well with 
the values reported by Fletcher and Hunter*? 
which are indicated in parentheses. 


Monomer: b.p. °C/760mm. 141 (143), nj) 1.3834 
(1.3835), d*° 0.8979 (0.8923). 
Dimer: b.p. °C/mm. 86 /10(100/20), m3 1.3910, 


nF, 1.3893 (1.3895), dj? 0.9547, d? 0.9516 (0.9441). 
Trimer: b.p. °C/mm. 126/10 (73/0.5), ni} 1.3960, 

nz 1.3935 (1.3934), d}° 0.9855, dj 0.9840 (0.9744). 

Stability of Cyclotrimer.-—-The measure- 
ments of the physical properties of cyclotrimer 
were carried out immediately after the fractio- 
nation. Gradual increase in refractive index and 
viscocity was found by the samples of (CH;Si 
(OC;H;)O)3, which were sealed in a soft glass 
ampulla; though they became very viscous the 
gelation did not take place after 500 days. The 
typical results obtained with two samples are 
shown in Table III. 


TABLE III 
days 0 80 140 250 500 
n2 1.3956 1.3986 1.4004 1.4040 
P 1.3959 1.3990 1.3992 1.4030 1.4052 


With all the samples which were contaminated 
by this cyclotrimer, the elevation of the refrac- 
tive index was also observed. For example, it 
is shown in Fig. 1 in dotted lines. The other 
three compounds shown in Table II gave no 
changes of refractive index within one year. 

Infrared absorption spectra were obtained with 
a Hilger H-800 infrared spectrophotometer with 
a rock salt prism in the range of 700—1300cm~'. 
Samples were observed as solution 2% in carbon 
disulfide. The position of the strong band which 
appeared in the range 1000—1120cm~! is shown 
in Table IV. 


TABLE IV 
COMPOUND ABSORPTION SPECTRA (in cm~'!) 
(CH;Si(OC2H;)O) 3 1023 1078 1111 
” after 500 days (1027)* 1075 1118 
(CH;Si(OC2H;)O), -- 1068 1117 
(C2H;Si(OC2H;)O); 1023 1083 1112 
(C2H;Si(OC2Hs) O) , — 1070 1120 


¥* very weak. 


It is interesting to follow the change of bands 
of (CH;,Si(OC:H;)O)3; with reference to the change 
of refractive index. The results showed that the 
three strong bands observed in the spectra did 
not change remarkable after 140 days, but it was 
found clearly that that the strongest band at 
1023 cm~! became very weak after 500 days. 


Summary 


1) Methyl- and_ ethyl-ethoxydichloro- 
silane were hydrolyzed with considerable 
dropping rate using pyridine as an acid 
acceptor. 

2) Methyl- and _ ethyl-ethoxycyclotri- 
siloxane have been prepared and charac- 
terized. The former was found to be an 
unstabie compound. 

3) Methyl- and ethyl-ethoxycyclotetra- 
siloxane have been prepared and charac- 
terized. 

4) Some brief data of infrared absorp- 
tion spectra of those compounds have 
been presented. 


Department of Applied Chemistry 
Faculty of Engineering 
Osaka University, Higashinoda 
Miyakojima-ku Osaka 
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The Crystal Structure of Bromodinitro-triammine-cobalt (ITI) 


By Yoshimichi KomryAMA 


(Received July 20, 1957) 


Bromodinitro-triammine-cobalt(III), [Co 
(NH;)3;(NO:2)-Br], can be prepared by 
treating chlorodinitro - triammine - cobalt 
(III), [Co(NH3;);(NO:,)-Cl], with hydrobro- 
mic acid». This suggests that the former 
is formed through a simple replacement 
reaction of chlorine atom in the latter 
with bromine atom. Kobayashi and his 
collaborators measured the absorption 
spectra of these coordination compounds”’, 
showing that the absorption curve of the 
bromo-compound is quite similar to that 
of the chloro-compound. However, the 
most interesting and instructive feature 
of a report is a remark regarding 
the configuration of these compounds; 
the presence of the third absorption 
band in any of them indicates that both 
of them should have two of the negative 
ligands in frans-position with respect to 
each other, on the basis of the Shibata 
and Tsuchida’s hypothesis of the trans 
negative radicals”. 

The structure of chlorodinitro-triam- 
mine-cobalt(III) has been already analyzed 
by the present author and his co-workers”, 
and it is known that this compound has 
a trans-dinitro-configuration. Taking this 
result together with the above-mentioned 
knowledge into consideration, one may 
assume that the bromo-compound also has 


NO? NO, 


x, eo oe a 


Br NO, 
NO, Br 
(a) (b) 
Fig. 1. Two possible forms of |[Co(NH;); 


(NO:).Br], having two negative radicals 
in trans-positions. 


1) S. M. Jérgensen; Z. anorg. Chem., 7, 315 (1894). 

2) M. Kobayashi, A. Hagitani and I. Mita, J. Chem. 
Soc. Japan, 58, 391 (1937). 

3) R. Tsuchida, ‘Colours and Structures of the 
Metallic Compounds” (1944), p. 96-113 (in Japanese). 

4) Y. Tanito, Y. Saito and H. Kuroya, This Bulletin, 
26, 420 (1953). 


the same configuration, i.e., the one illus- 
trated in Fig. 1, (a). 

However, one can not exclude the pos- 
sibility of another configuration (b), since 
there is no evidence that no change in 
configuration has taken place at any stage 
of substitution reaction during the course 
of preparation from the chloro-compound. 
Therefore, an attempt was made to in- 
vestigate the crystal structure of the 
bromo-compound by means of X-ray dif- 
fraction, which is the most powerful 
method in the direct determination of its 
configuration. Furthermore, the results 
of absorption measurement on the aque- 
ous solution of this compound will be 
given, since the absorption curve pre- 
viously reported was obtained by the 
photographic method. 


Experimental 


Bromodinitro-triammine-cobalt(III) [Co(NHs3)3 
(NO,).Br] has been prepared by Jorgensen’s 
method. The crystals are monoclinic and dark 
red in color. Only thin tabular crystals were 
available. FeK, radiation was used and a multiple- 
film technique was employed in taking Weissen- 
berg photographs about the three principal axes. 

The unit cell dimensions were calculated from 
high order reflections of some oscillation photo- 
graphs taken for this measurement. They are: 

a=12.06+0.04A, 5b=10.30+0.02 A, 
c=6.85+0.02 A and §=105.6+3°. 

The observed density is 2.295¢./cc. at 8.5°C, 
which may be compared with a calculated value 
of 2.286 g./cc., assuming four formula units in 
the unit cell. The systematic absence of (0k0) 
for k odd and (h0/) for hk, 1 odd shows that the 
space group is C},—P2,/n. All the atoms are 
on the general positions. The relative intensities 
of the reflexions were estimated visually by 
comparison with a standard scale. The usual 
correction factors were applied by means of the 
chart given by Cochran». No correction for 
absorption was made. 

A temperature factor and a scale factor for 
converting the observed values of | Frel.| ap- 
proximately into the absolute scale were calcu- 
lated by Wilson’s method®. The measurement of 
absorption spectrum of this complex was made 
over the wavelength range from 220 to 560my 


5) W. Cochran, J. Sci. Inst., 25, 253 (1949). 
6) A. J. C. Wilson, Acta Cryst., 2, 318 (1949). 
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with Beckman Model DU _ spectro-photometer. 
Concentrations of aqueous solutions used for 
measurement were from 10~-% to 10-° mol./l. The 
absorption maxima are: 


Ai(mp) log ¢; A2(my) log ¢. 
457.5 2.15 334.0 2.59 
A3 (my) log «3 A3(m yt) log ¢, 
252.0 4.12 237.0 4.16 


and the absorption curve is shown in Fig. 2. It 
is interesting that the third absorption band is 
split into two maxima just as in the case of 

















chlorodinitro-triammine-cobalt (III), [Co(NHs)3 
(NOz) C1]. 
40+ + 
3.0+— 
20 
= 
UK |_| 
20 ——+ —-—4 
A | 
/ | 
10! | 2 
500 400 200 200 (my 


Fig. 2. Absorption spectrum of [Co(NH;), 
(NO.).Br] in aqueous solution. 


Determination of the structure 


The Patterson projections P(X,Y), 
P(Y,Z) and P(Z,X) were evaluated. 
These served for the purpose of determin- 
ing the approximate parameters of cobalt 
and bromine atoms. These atoms were 
then used to fix the signs of the F values 
and successive Fourier syntheses were 
made. Approximate nitrogen positions 
were indicated in them, and inclusion of 
these in the preparation of the second 
synthesis resulted in positions leading to 
few further changes in sign. Then arrang- 
ing the positions of oxygen atoms under 
an assumption that the two nitro-groups 
are in traus-coordination, F values were 
calculated. In any of such models, how- 
ever, no good agreement was achieved 
between the observed and the calculated 
structure factors. Therefore, a model 
having a bromine atom and one of the 
nitro-groups in fvdus-coordination was 
adopted. This time the process of struc- 
ture factor calculation and Fourier syn- 


7) Y. Komiyama, This Bulletin, 30, 13 (1957) Fig. 9. 
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theses went on satisfactorily, thus allow- 
ing observed and calculated structure 
factors to be in comparatively good accord. 
All the parameter values were refined 
by the usual procedure of successive ap- 
proximations. The final parameters are 
listed in Table I. A final electron density 
projection along the c-crystal axis is shown 
in Fig. 3. The comparison of the observed 
structure factors with those calculated is 
given in Table II. The atomic scattering 
factors used for the calculation of the 
structure factors were those listed in the 
International Tables. A temperature 
factor was used in the form of 
—? 0/4)’, where B had the value 
2.5 A’. 


TABLE I 

FINAL PARAMETERS 

x/a y/b z/c 
Co 0.250 0.063 0 
Br 0.124 0.125 0.225 
N(1) 0.333 0.230 0.062 
N (2) 0.350 0.015 —0.175 
NH;(1) 0.167 —0.104 —0.062 
NH; (2) 0.364 —0.015 0.236 
NH; (3) 0.136 0.141 0.236 
O(1) 0.412 0.246 0.220 
O(2) 0.306 0.320 -—0.057 
O(3) 0.368 0.095 0.300 
O(4) 0.400 0.092 0.152 





— 











Sp 


Fig. 3. Electron densities along the c-crystal 
axis of [Co(NHs)3(NO:):Br]. 
Contours are drawn at 2 e. A~? intervals, 
starting at two electron level and after 12 
e. A.-2 level at intervals of 4 e. A-*. 
Atoms marked by crosses all belong to the 
same formula unit. 
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Fig. 4. Projection of the structure upon a plane normal to the c-crystal axis. 


The reliability factors 
R=3)|| Fo|—| F-||/S| F| are 0.114, 0.198 and 
0.133 for (hk0), (Okl) and (hO0l) respecti- 
vely. The higher value of FR for (Ok) 
may be attributed to the less accurate 
values due to the absorption. The weighted 
mean value of R is 0.147 for which only 
observed reflections up to sin@/i==0.500 
have been used. 


Description of the Structure 


The structure projected upon a plane 
normal to the c-crystal axis is shown in 
Fig. 4, which correspounds to Fig. 3. The 
crystal consists of bromodinitro-triam- 
mine-cobalt(III) [Co(NH;);(NO-)-Br] mole- 
cules. Two nitro-groups are coordinated 
to a cobalt atom in cis-position and one of 
them is in fvans-coordination with respect 
to the bromine atom, making a remarkable 


difference from the configuration of the 
chloro-compound. The six ligands forma 
distorted octahedron around the central 
cobalt atom. 

The interatomic distances and the inter- 
bond angles calculated on the basis of the 
atomic parameters in Table I are given 
in Table III. These interatomic distances 
and the bond angles are in good agreement 
with those found in the various complexes 
of cobalt(III), except the cobalt-bromine 
and other related distances. 

The distances of approach between the 
nitrogen atom of an ammonia molecule 
and the oxygen atom of the nitro-group 
of an adjacent molecule are found to be 
2.83, 2.86 and 2.88 A. These short distances 
suggest the presence of hydrogen bonding 
between them. By these NH-:-O bonds, 
the complex radicals are held together, 
forming a layer parallel to the Jb-crystal 
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30 Yoshimichi KOMIYAMA 
Fig. 5. Structure of [Co(NH;),(NO:)2Br], showing layers parallel to the b-crystal 
axis in double sheet. 
--: linkages of 2.83 A. ------ : linkages of 2.86 A. : linkages of 2.88 A. 
TABLE III O(1) _ ...NH3(1) (A) 3.16A 
INTERATOMIC DISTANCES AND INTERBOND ANGLES O(3)_ ...NH3(1) (A—) 3.23 A 
Co—Br 2.45A O(3) _ ...NH3(2) (E) 3.25A 
—N (1) 1.98 A O(3) _ ...NH3(2) (—) 3.40A 
—N (2) 1.98 A 
—NH;(1) 1.98 A O(2)_ ...0(4) (A—) 2.88 A 
_-NH; (2) 1.99A O(1)_ ...0(4) (E) 2.90A 
—_NH, (3) 1.99 A O(4)_ ...0(4) (E) 3.32 A 
N(1)—O(1) 1.25A Br ...NH; (1) (C) 3.39 A 
—O(2) 1.22A ...NH3 (2) (A) 3.72A 
/O(I)N(1)O0(2) 118 ...NH3(1) (A) 4.04A 
.-- NH; (3) (C) 4.18 A 
N(2)—0(3) 1.25A ...0(3) (+) 3.76A 
—O(4) 1.24A ...0(1) (B—) 3.944 
7Z.0(3)N(2)0(4) 121 ...0 (3) (B) 4.19A 
...O(1) (D) 3.95 A 
NH; (1) ...0(2) (D—) 2.83 A ...0(2) (D) 3.84 A 
NH;(3)...0(4) (A—) 2.86A 
NH; (3) ...0(1) (B—) 2.88 A Br ..Br 4.48 A 
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axis in double sheet as shown in Fig. 5. 
The closest approach between the adjacent 
layers are seen between bromine and 
nitrogen atoms of ammonia molecules with 
distances 3.39, 3.72, 4.04 and 4.18A. General 
characteristics of the structure containing 
such net works were also found in the 
structure of the cobalt(III) complexes 
previously reported by us”. 

It is interesting that the configuration 
of this bromo-complex is entirely different 
from that expected from the similarity of 
absorption spectra of the chloro- and 
bromo-complexes. 


Summary 


The crystal structure of bromodinitro- 
triammine-cobalt(III) [Co(NH;);(NO-).Br] 
is monoclinic, with four formula units in 

8) Y. Tanito, Y. Saito and H. Kuroya, This Bulletin, 


25, 188, 328 (1952); 26, 420 (1953). Y. Komiyama, ibid., 
29, 300 (1956); 3O, 13 (1957). 
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a cell of dimensions; a=12.06 A, b=10.30A, 
c=685 A and §=105.6°. The space group is 
C},—P2:/n. The determination of atomic 
parameters was made by Fourier methods. 

The configuration of the complex mole- 
cule is described. One nitro-group is found 
to be in fvans-position with respect to 
bromine atom and in cis-position to the 
other nitro-group. 

The absorption spectrum of this complex 
was re-examined in aqueous solution. 


The author expresses his hearty thanks 
to Professors H. Kuroya and Y. Saito of 
this University for encouragement and 
valuable discussion. Part of the cost of 
this study has been defrayed from a Grant 
of the Ministry of Education. 
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Kita-ku, Osaka 


Study of Nickel Oxide-Kieselguhr Catalyst. IV. The Effect of 
Temperature upon the Initial Rate of Polymerization and 
the Amount of Initial Adsorption of Propylene’ 


By Shinichi KAWAGUCHI 


(Received May 10, 1957) 


In a previous paper”? it was reported 
that the course of catalytic polymerization 
of propylene over the nickel oxide-kiesel- 
guhr catalyst at 0°C obeyed the Zeldowitch 
type equation” 

__ dP 
dt 


where P is the observed pressure of pro- 
pylene at time ¢ and a@, a and P,’ are 
empirical constants; ‘‘the initial rate’’ 
R,=a was found to vary linearly with the 
amount v of ‘‘ the initial adsorption ’’, i. e. 
the amount of propylene corresponding to 
the pressure difference P,—P,', as 


R,=k(v—wv) (2) 


=qe-*(Po'-P) (1) 


1) Presented before the tenth Annual Meeting of the 
Chemical Society of Japan held at Tokyo, April 1957. 

2) Part 3 appeared in Catalyst, 12, 72 (1955) (in Japa- 
nese). 

3) S. Kawaguchi, J. Phys. Chem., 61, 394 (1957). 

4) H. A. Taylor and N. Thon, J. Am. Chem. Soc., 74, 
4169 (1952); P. T. Landsberg, J. Chem. Phys., 23, 1079 
(1955). 


where P, is the pressure of propylene, 
which would be observed, if expanded in 
the dead space at ¢=0 without interaction 
with the catalyst and & or » is a constant. 
This initial rate law 2 was established at 
0°C irrespective of the catalyst composi- 
tion, the ineffective amount v) increasing 
almost linearly with the nickel oxide 
content, and the rate constant & increasing 
with decreasing nickel oxide. 

The present paper reports results ob- 
tained in other series of experiments at 
higher temperatures which were per- 
formed to see whether the initial rate law 
2 still holds and to determine the activa- 
tion energy and the heat of initial adsorp- 
tion respectively from & and v. 


Experimental Results 


The catalyst employed is a different species 
from the previous one and contains nickel oxide 
of about twenty per cent. The course of the 
over-all reaction was followed by the measure- 
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ment of pressure decrease at constant volume. 
The apparatus and the experimental procedure 
including the catalyst preparation were previously 
reported®». Experiments were made at 0, 20, 80, 
100, 110.6 and 140°C. The higher reaction tem- 
peratures were maintained constant by means of 
vapor baths of benzene, water, toluene and m- 
xylene, respectively. 

Eq. 1 was applied to each pressure-time curve. 
The rate equation can reproduce data for more 
than four hours at 0 and 20’, but only for the 
first several ten minutes at higher temperatures. 
Numerical value of the constant a decreases with 
increasing initial pressure at all temperatures as 
shown in Fig. 1, but increases as the temperature 
rises from 0 to 80°. Usually a@ decreases with 
increasing temperature and is considered theo- 
retically to be proportional to the reciprocal of 
absolute temperature”. However such an anoma- 
lous temperature dependence as in this case has 
also been reported in other systems®. Data of 
a at 100, 110.6 and 140° fall on the same curve as 
those at 80° within the experimental error. 








Initial pressure, Py', mmHg 


Fig. 1. Dependence of Zeldowitch constant, 
a, upon the initial pressure, Py', when 
applied to the catalytic polymerization of 
propylene over a nickel oxide-kieselguhr 
catalyst. Curve 1: 0°, curve 2: 20°, curve 
3: 80° (@), 100° (A), 110.6° (fe]), and 140°" 


(). 


The isotherm of the initial adsorption v of 
propylene at each temperature is shown in Fig. 
2. Isotherms at 0 and 20° obey the B. E. T. 
equation at the higher relative pressure than 
0.05, giving monolayer volumes v,,=11.63 and 
11.57 cc. (STP)/g. cat., and energy factors c=49 
and 37, respectively. At 80° and higher tem- 
peratures, the pressure range examined is lower 
than the relative pressure 0.05 and the B. E. T. 
equation does not hold. Langmuir equation can 


not fit the data, either. 


5) S. Kawaguchi and H. Kihara, J. Inst. Polytech., 
Osaka City Oniv., 4C, 202 (1953). 

6) H. A. Taylor and N. Thon, J. Am. Chem. Soc., 74, 
4169 (1952). 

7) M. A. Cook and A. G. Oblad, Ind. Eng. Chem., 
45, 1456 (1953); I. Higuchi, T. Ree and H. Eyring, /. 
Am. Chem. Soc., 77, 4969 (1955). 
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v, cc. (STP) /r. 


Amount of initial adsorption, 


“40 80 120 160 200240 280 320 360 400 440 480 520 560 600 
Pressure, P,', mmHg 
Fig. 2. Isotherm of the initial adsorption of 
propylene on a nickel oxide-kieselguhr 
catalyst at 0 (curve 1), 20° (curve 2), 80 
(curve 3, e), 100° (curve 4, A), 110.6 


(curve 5, [e]), and 140° (curve 6, e a 


The pressure dependence of the initial rate 
R, of over-all reaction is plotted in Fig. 3. The 
initial rate markedly increases as the temperature 
rises from 0 to 20 and 80°, but curves at higher 
temperatures lie closely near to that at 80°. 
Plotting the logarithm of the initial rate against 
the logarithm of the initial pressure, the following 
empirical pressure exponents are obtained. 


Initial rate, Ry, 
(STP) /min. g. 


ec. 





"40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 


Pressure, Py)’, mmHg 
Fig. 3. Pressure dependence of the initial 
rate of propylene polymerization over a 
nickel oxide-kieselguhr catalyst at 0° (curve 
1), 20° (curve 2), 80° (curve 3, @), 100 
(curve 4, A), 110.6° (curve 5, [e}), and 140 
' 


(curve 6, @). 


Ry, —kP* 
x=0.75 at 0 
0.68 at 20 
0.58 at 80~140 


When initial rates are plotted directly against 
amounts of initial adsorption, straight lines are 
obtained as shown in Fig. 4. The rate equation 
2 holds too in this case, the constant v, however 
vanishing at temperatures above 20°C in accord- 
ance with the rate law as shown in Table I. 

Activation energy determined from values of 
the rate constant, k, at 0 and 20° is 8.7 kcal./mole, 
and that obtained from the Arrhenius plot (Fig. 
5) for data at higher temperatures is 0.86 kcal./ 
mole. 
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Initial rate, Ro, cc. 


72345 67 8 9 0 11 12 13 
Amount of initial adsorption, v, cc. (STP) /g. 
Fig. 4. The initial rate of polymerization vs. 
the amount of initial adsorption of pro- 
pylene at 0° (line 1), 20° (line 2), 80 
(line 3, ©), 100° (line 4, A), 110.6° (line 


5, 'e'), and 140° (line 6, @)). 


TABLE I 
CONSTANTS OF THE INITIAL RATE LAW, 
Ro=k(v— v9) 
Ineffective amt. 
of adsorpn. vp, 


Reaction 


Rate const., k 
temp. 


Cc min.~! cc. (STP) /g. 
0 0.029 5.1 

20 0.087 3.4 

80 0.133 0 

100 0.145 0 


110.6 0.149 0 
140 0.159 0 


From isotherms of the initial adsorption in Fig. 
2, the isosteric heat of propylene adsorption was 
calculate Clausius-Clapeyron 
equation, and is illustrated in Fig. 6 as the 
function of the amount of adsorption. The heat 
of adsorption obtained between 9 and 20° is 7 to 
8 kcal./mole for the range of surface coveragc¢ 
while that obtained at higher tem- 
drop at low 


d by means of th 


examined, 
peratures shows a very remarkable 
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Adsorbed amount, v, cc. (STP)/g. 

Fig. 6. Isosteric heat of the initial adsorp- 
tion of propylene on a nickel oxide-kiesel- 
guhr catalyst. Curve 1: 0—20°, curve 2: 
80—140 


surface coverage down to 1.9 kcal./mole at the 
higher coverage region. 


Discussion 


The appearance of a distinct break in 
the Arrhenius plot of the over-all initial 
rate of propylene polymerization was pre- 
viously reported” upon experimental 
results performed with similar _ initial 
pressure at various temperatures. The 
difference between activation energies at 
lower and higher temperature ranges is 
now clarified by the present systematic 
investigation. The change of activation 
energy with temperature has occasionally 
been reported on various systems, and 
Ozaki’ also obtained apparent activation 
energies of 7 and -—2 kcal./mole in the 
ranges of reaction temperature of --70~ 
—10° and 40~150°, respectiveiy, for the 
near-initial rate of ethylene poiymeriza- 
tion over a nickel oxide-acid clay catalyst 
which was pretreated at 400 

The change in the activation energy 
may indicate the change of the elementary 
step whose velocity is measured as the 
initial rate of the over-ali reaction. The 
course of the over-all reaction at 0° was 
previously assumed*? to correspond pri- 





marily to chemisorption of the propyiene 
molecule from van der Waals layer onto 
the active site. If the chemisorption were 
so rapid as the physica! adsorption at higher 
temperatures and atiains equilibr in 
the initial several: minutes, the initia! rate 
which is determin by the extrapclation 
of pressure data be: ens utes wouid 
correspond t pro 
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pylene. In this case the initial rate could 
be represented by Eq. 2, if it were assumed 
that the chemisorbed amount is constant 
in the pressure range examined and the 
addition step proceeds between the chemi- 
sorbed monomer and the physically ad- 
sorbed one. If this were the case, the time 
course of the over-all reaction at higher 
temperatures should be represented by a 
rate law taking into account the superposi- 
tion of addition steps or desorption of 
products. However previous theoretical 
treatment” showed that a rate law derived 
assuming the superposition of monomer 
chemisorption and dimerization can re- 
produce the kinetic data from 70 minutes 
to 6 hours at higher temperatures. Further- 
more the fact that the heat of adsorption 
also changes remarkably with temperature 
suggests the possibility that the change in 
the activation energy is merely due to the 
change in the heat of adsorption. 

The value of 7 to 8kcal./mole appears 
slightly great as the heat of physical adsorp- 
tion, however the system of propylene- 
nickel oxide also shows the isosteric heat 
of adsorption of 5 to 6 kcal./mole at the 
similar surface coverage”. The large 
and rapid decrease of the heat of adsorp- 
tion at low surface coverage as depicted 
in Fig. 6 seems to indicate the existence of 
rapid chemisorption at higher tempera- 
tures, while the constant value of about 
1.9kcal./mole at the higher coverage 


9) ‘To be published. 
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suggests the physical adsorption. The 
remarkable change of the heat value 
between the two temperature ranges can 
not be unequivocally interpreted. It may 
e due to the a priori heterogeneity of the 
catalyst surface. 


Summary 


The catalytic polymerization of pro- 
pylene over a _ nickel oxide-kieselguhr 
catalyst was studied at constant volume 
and at 0, 20, 80, 100, 110.6 and 140°C. The 
pressure-time curve was analyzed by 
means of the Zeldowitch type equation. 
The initial rate law, Ry=kR(v—v), can 
again represent the data at 0 and 20°, but 
the ineffective amount of initial adsorption, 
v,, becomes zero at higher temperatures, 
resulting in a simple first-order rate law, 
R,=kv. The activation energies obtained 
between 0 and 20°, and among higher 
temperatures are 8.7 and 0.86 kcal./mole, 
respectively. The isosteric heats of initial 
adsorption are 7—8 and 1.9kcal./mole in 
the respective temperature regions. The 
elementary process whose initial rate was 
measured is considered again to be slow 
chemisorption of propylene from the van 
der Waals layer onto the active site of 
the catalyst. 


Insitinie of Polyiechnics 
Osaka City Universiiy 
Minami-ogi-machi, Kita-ku, Osaka 


Dielectric Properties of Starch. I. Audio Frequency Region* 


By Sézaburo ONO, Takashi KUGE and Naokazu Koizumi** 


(Received August 26, 1957) 


It is well known that there are two 
modifications of starch, so-called a-modifi- 
cation (gelatinized starch) and f-modifi- 
cation (native starch) which produce 
different types of X-ray diffraction pattern, 
the V for the former and the A, B or C 
for the latter. They also show quite 
different behavior towards water. 

Dielectric measurements have been an 


* Presented at the 8th Annual Meeting of the Chemi- 
cal Society of Japan held in Tokyo, April, 1955. 
** Institute for Chemical Research, Kyoto University. 


effective method for the studies of the 
sorbed vapors of polar compounds, par- 
ticularly water, on the various high 
polymers». However, there have been 
few dielectric studies of starch, especially 
for a-modification, except the report by 


1) In connection with the problem of bound water, 
some attention has been given to dielectric method, for 
example, see a review by K. Higasi, Monogr. Res. Inst. 
Appl. Elec., Hokkaido Univ., No. 5, 9 (1955); ‘* Chemistry 
of Protein” (Edited by S. Mizushima & S. Akabori), 
Vol. 4, p. 126 (1956) (Japanese), Ky6éritsu Shuppan Co. 
Ltd., Tokyo. 
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Shikata and Ueda” in 1937 and a rather 
recent one by P. Abadie et al.. Although 
we have reported briefly? on the same 
problem, it may be desirable to carry out 
more detailed studies in wider temperature 
and frequency ranges and to attempt to 
find some information on the difference 
in the configuration between the two 
modifications. 


Experimental 


Electrical.—The Schering type bridge» used 
in this study was designed to eliminate errors 
arising from stray capacitance by use of the 
Wagner earth® (Fig. 1). When the bridge is 





T 
L 


Fig. 1. 
Cx, Rx: equivalent capacitance and resistance 
of dielectric cell 
maximum 850 wF, variable air condenser 
: 225 puF, mica condenser 
3: 350 wuF, air condenser 
1, Re: 10-100 k2 variable resistance 


Schering bridge. 


ZDaAAQA0 


balanced finally, the loss tangent, tan d, and the 
capacitance, C,;, of the dielectric cell are related 
to the other bridge elements through the equa- 
tions 


° 1 CR; '/ 1 \ 
tar —— OF ae, 
ano of &. fe /\@C>R: wCiR, } 
(1) 
"be CR, | 1 | (2) 
( R, /\1-+oC,R, tan d/ = 


where w is 2z times the frequency. 

Since we made no attempt to prevent the 
inductive effects, the upper limit of frequency 
was about 30 kilocycles per second. The lower 
limit of frequency was influenced by the character 
of the detector, and 500 cycles per second was 
the lower limit in our case. In this frequency 
range experimental errors of measurements were 
within +1.0% and +3.5%, for capacitance and 
loss tangent respectively. 

Dielectric constant, <¢', and loss factor, ¢'’, are 
calculated from the value of C, and tan 4d, by the 
following equations. 


2) M. Shikata and S. Ueda. J. Electrochem. Assoc. 
Japan, 5, 438 (1937). 

3) P. Abadie, R. Charbonniére, A. Gidel, P. Girard 
and A. Guilbot, J. Chim. Phys., 50, C46 (1953). 

1) N. Koizumi, S. Ono and T. Kuge, Bull. Inst. Chem. 
Research, Kyoto Univ., 22, 80 (1950). 

5) R. M. Fuoss, J. Arm. Chem. Soc., 59, 1703 (1937). 

6) D. Owen, “ Alternating Current Measurements”, 
Methuen & Co. Ltd., London (1950) p. 57. 
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'=C;x/Co (3) 


e''=e'tand (4) 


(oy 


where Cy is the capacitance of the empty cell. 
Dielectric Cell.—The cell used is shown in 
Fig. 2. It consisted of two concentric glass 





Fig. 2. 

A is a taper ground-glass joint, D and E 

are copper electrodes connected to the lead 

wires B and C respectively through platinum 

seals, and F is a small orifice made on inner 
cylinder from which air is removed. 


Dielectric cell. 


cylinders connected at a taper  ground-glass 
joint. Copper electrodes were made by plating 
on the silver plates which were deposited on the 
ground glass walls. 

Materials.—Since, as we already reported”, 
no remarkable difference has been found between 
the dielectric properties of various kinds of starch 
(potato, waxy rice, lily bulb and potato amylose) ; 
both modifications of potato starch were only 
investigated in this study. The f-modification 
was pharmacopoeial grade. The a-modification 
was prepared by Onishi Syokuhin Co. Ltd., 
according to the following method. Gelatinized 
sol of pharmacopoeial grade starch was dried by 
heated rolls and ground to fine powder. According 
to Katzbeck et al.”, thus prepared e@-modification 
seems amorphous. The liquid paraffin used was 
the fraction distilled at temperatures between 
170°—250°C under 5mmHg pressure, and was 
loss free within the experimental error. 

Procedures.—Starch was dried in an oven at 
100’—105°C until constant weight was reached. 
The starch conditioned in this way was regarded 
as dry starch, although a small quantity of water 
could still remain. The water content of the 
sample was determined by weighing the increasing 
weight after the starch was exposed to the 


7) W. J. Katzbeck and R. W. Kerr, J. Am. Chem. 
Soc., 72, 3208 (1950). 
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atmospheric moisture. The starch dispersed in 
liquid paraffin was poured in the sample space 
of the cell. The cell was then evacuated to 
remove the air which is contained in the sample. 
The dielectric measurements were carried out, 
after the cell had been kept for two days to 
sedimentate the starch spontaneously to the lower 
part of the cell where electrodes were placed. 
The method described above was convenient to 
keep the water content constant during the 
measurement, but has the disadvantage that we 
san not make the volume fraction of the starch 
between the electrodes a given desired value. 
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Fig. 3. Variations of e¢' and e¢'’ with 
temperature at 4 kc. for S-modifications 
of potato starch containing sorbed water 
at the inscribed amounts (g./100¢. dry 
starch). 
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The volume fraction of each sample was estimated 
from the sedimentation volume of the starch of 
a known weight by using a graduated sedimenta- 
tion tube whose diameter was about lcm. 

An insulating oil bath fitted with a small 
electric heater was used to control the tempera- 
ture during the measurements at temperatures 
higher than room temperature. At lower tem- 
peratures a Dewar flask filled with ethanol was 
employed as a bath which was cooled by dry ice. 
The temperature inside the cell was adjusted to 
the bath temperature within one degree, and all 
measurements were made as a function of fre- 
quency at fixed temperatures. 


Results and Discussion 


Some typical results of the measure- 
ments are shown in Figs. 3—7. Figs. 3 and 
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Fig. 5. Frequency dependence of ¢"' of 
a-modifications containing sorbed water 
at the inscribed amounts (g./100g. dry 
starch) at room temperature. 
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4 show the results obtained at 4 kc. for §- 
and a-modification of potato starch respect- 


ively which contained various amounts 


of water. The temperature coefficients of 
<’ were always positive. The e¢"’ value of 
each sample decreased with increasing 
temperature until a certain temperature 
was reached, and thereafter began to 
increase sharply. The more water the 
sample contained, the lower the tempera- 
ture became. <«’ became larger as the 
water content was increased. Frequency 
dependence of <¢'’ of a-modification is 
shown in Figs.5and6. The sharp increase 
of <’’ found in the lower frequency region 
may be ascribed to the mechanism which 
causes a similar increase in the higher 
temperature region as shown in Figs. 3 
and 4. We call this loss process ‘‘ the low 
frequency loss process of starch’’. This 
loss process is affected markedly by the 
sorption of water. Similar phenomena have 
been observed in the case of celiulose® and 
wood”. 


temperature (-C) 


' 


Fig. 7. Variations of «’ and «"’ of potato 
starch with temperature at 4 ke. 
8-0.00 and §-5.24 express $-modifica- 
tions containing 0.00 and 5.24% water 
(g./100g. dry starch) respectively; a- 
0.00 and a-5.38 express a-modifications 
containing 0.00 and 5.38%, water(g./100g. 
dry starch) respectively. 


' 


Fig. 7 shows the results obtained in the 
low temperature range, i.e., from room 
temperature to —70°C at 4kc. It can be 
seen from Fig. 7 that each curve of e’! 
appears to have a maximum at -—40° to 
—50°C, although the maximum region is 
broad. In such a temperature region, ¢’ 
shows somewhat steep changes with tem- 
perature. We call this dielectric dispersion 
“the high frequency loss process of starch’”’ 


8) R. Seidman and S. G. Mason, Can. J. Chem., 32, 
744 (1954). 
9) L. Pungs, Electrotech. Z., A75, 433 (1954). 
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on 


on which we shall discuss in detail, using 
results in radio frequency region, in the 
following paper. This process may be 
attributed to dipole orientation of hydroxyl 
group. 

On examination of the curves shown in 
Figs. 3, 4 and 7, it may be concluded that 
both modifications of starch have qualita- 
tively the similar dielectric properties. 
Different numerical values of ¢«’ and ¢’’ 
between both modifications appear to be 
caused mostly by the difference between 
their volume fractions. 

It may be difficult to see to what extent 
the loss due to direct current conduction, 
interfacial-polarization (Maxwell-Wagner 
type) or usual dipole orientation (Debye 
type) contributes to the low frequency loss 
process. Among these effects, however, 
direct current conduction, due to inorganic 
ions adsorbed on the native’ starch 
granules, may probably be able to give 
most of the loss of the low frequency loss 
process. In order to test this possibility, 
log <'’ was plotted against log f(f is the 
frequency.). These plots gave almost 
straight lines with a slope —0.65 to —0.75 
in the region where the low frequency 
loss process was distinctly observed***. 
This fact suggests that direct current 
conduction effect may be associated with 
an additional alternative current behavior, 
since the theoretical slope would be —l, 
if direct current conduction were only 
the cause of the low frequency loss 
process. It seems most likely that the 
Maxwell-Wagner type loss is superposed 
on the direct current loss in a similar 
manner to the case of terylene described 
by Reddish’. More detailed discussion 
on the low frequency loss process is dif- 
ficult, because direct current and lower 
frequency measurements are not available 
in our study. Shikata and Ueda” found 
a maximum loss tangent of starch at 
frequencies less than 1 kc. and explained 
it by means of dipole orientation of water 
sorbed on starch granule. However, 
according to our interpretations, their 
results should correspond to the low fre- 
quency loss process, so that the larger 
orientational unit (e.g. glucose, glucose 
chain etc.) than the one that they proposed 
should be considered as the cause of the 
dielectric loss even if Debye type loss is 
postulated. 

** A. Similar behavior concerning the frequency de- 

pendence of ¢’’ at low frequencies has been found for 

many other dispersed systems; R. Gotoh, T. Hanai 


and N. Koizumi (to be published). 
10) W. Reddish, Trans. Farady Soc., 46, 459 (1959). 
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In Fig. 8 loge’’ was plotted against 
reciprocal absolute temperature and linear 
relations were found when the influence 
of the high frequency loss process was 
allowed for. The activation energies of 
conduction in the low frequency loss 
process were calculated from these plots 
to be 15-12 kcal./mole, being smaller as 
the water content is increased. Although 
physical meanings of these energies are 
not obvious, it is mentioned that the 
values of the similar magnitude are 
obtained for both a- and $-modification. 

It is favorable for the investigation of 
the properties of sorbed water to calculate 
its polarization. Since dielectric constants 
and loss factors hitherto described are 
those of starch-liquid paraffin systems 
having different volume fractions (Table 
I), the dielectric constant of starch itself 
(including sorbed water), <, was evaluated 
from the observed values <’, by using 
Kamiyoshi’s formula'?. The calculated 
value of <«, was inserted into the following 
Kirkwood’s formula’ in order to obtain 
the specific polarization, P., 

(e2—1)(2e.+1) 1 


“= 9 d (5) 


11) K. Kamiyoshi, Sci. Rep. Res. Inst. Tohoku Univ 
A2, 180 (1950). 

12) J. G. Kirkwood, J. Chem. Phys., 7, 911 (1939); 
Trans. Faraday Soc., 42A, 7 (1946) 
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where d is the density of starch measured 
by means of picnometer using toluene as 
an immersion medium. These values are 
shown in Table I. Assuming that the 
additivity of the polarization holds 


P.=P.W.+>PiW: (6) 

W.+2>Wi=1 (7) 
where P, and W. are the specific polariza- 
tion and the weight fraction of starch 
alone respectively, P; and W; are the 
specific polarization and the weight frac- 
tion of the 7th component of the sorbed 


water. If P and P, are independent of 
each other, then from Eqs. (6) and (7) 


OP. /0Wi=P,—P (8) 


7 


1.0 








0 2 4 6 8 10 12 14 
weight fraction of water x 100 
Fig. 9. Relation between the _ specific 
polarization and water content of potato 
starch at 20°C, 4 ke. 


TABLE I 
WATER CONTENT, DIELECTRIC CONSTANT 
AND POLARIZATION FOR §-MODIFICATION OF 
POTATO STARCH CONTAINING SORBED 
WATER AT SEVERAL DIFFERENT AMOUNTS 


frequency: 4kc., temperature: 20°C 


content Volume a a oe. 
g./100¢. — 
au starch error wre Sven 
0.00 0.56 1.540 4.5 7.38 0.98 12.1 
1.50 0.56 1.540 5.01 8.68 1.17 
3.02 0.55 1.535 5.40 10.0 1.36 
§.32 0.55 1.530 6.00 11.9 1.65 14.9 
7.14 0.55 1.524 6.34 13.0 1.82 
8.30 0.54 1.520 6.26 13.1 1.84 
11.1 0.47 1.510 6:42 17.4 2.48 23.2 
13.9 0.42 1.490 6.33 21.1 3.06 
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Fig. 9 shows the variation of P, with 
water content at 20°C and 4kc. We can 
calculate P; (given in Table I) from the 
slope at each point on the best smooth 
curve drawn through the experimental 
points, when the observed value for the 
dry sample is used as P,. P. increases 
gradually from 12.1lcc./g. for the dry 
sample to over 23.0 cc./g. for the higher 
water content so that we can not distin- 
guish the sorbed water in various sorption 
states, according to the sorbed amount. 
Windle and Shaw' obtained a curve for 
wool similar to that in the present results 
and estimated the molar. polarizations of 
the localized and the mobile water sepa- 
rately, using Cassie’s results concerning 
water absorption. On the other hand, in 
the case of silica gel, Kurosaki’? found 
that three different states of sorbed water 
were separately observed by the bending 
points of dielectric constant vs. water 
content curve. These facts seem to show 
the different ways of the sorptions cor- 
responding to absorption and adsorption 
respectively. For comparison, polarization 


of water in various states is given in 
Table II. At first glance it may seem 
TABLE II 
SPECIFIC POLARIZATION OF WATER IN VARIOUS 
STATES 
Frequency Specific polarization cc./g. 
Adsorbent and 
temperature 1 8-15 17.7 22-23 
water static liquid 
water 
starch tke. 0-5% 10%, 
20°C sorbed sorbed 
water water 
wool!3* 3x10'mec. bound mobile 
25°C water water 
silica’ 5 ke. 0-1.5% 2-84, 10%, 
gel 25°C water water water 
of Ist of 2nd of 3rd 
sorp- sorp- sorp- 
tion tion tion 
* Recalculated from moiar _ polarization. 


The values at audio frequency should be 
larger than the above ones. 


that water would not be so strongly 
absorbed on starch as on wool or silica 
gel, because there is no water having P; of 
about unity in our case****, According 
to the absorption theory’, however, it 





13) J. J. Windle and T. M. Shaw, J. Chem. Phys., 22, 
1752 (1954). 

14) S. Kurosaki, J. Phys. Chem., 58, 320 (1954). 

**** Water which still remains after the heating pro- 
cedure at 105°C is not taken into consideration. 

15) N. N. Hellman and E. H. Melvin, J. Am. Chem. 
Soc., 72, 5186 (1950); N. N. Hellman, T. F. Boech and 
E. H. Melvin, ibid., 74, 348 (1952). 
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seems reasonable that water sorption 
occurs at various’ sites’ distributed 


throughout starch, and water molecules 
restricted in different strengths exist 
Simultaneously in any sorption stage. 
Therefore, P; should be regarded as the 
mean polarization of the sorbed water. 
From the continuous change of P,, it may 
be merely conciuded that the fraction of 
the less firmly bound water gradually 
increases as sorption proceeds. It is 
unable to estimate the polarizations of 


localized (bound) and mobile (free) 
water separately without the knowledge 
of their fractional numbers. The fact 


found by Sato’ that the heat of the water 
sorption by starch decreases with in- 
creasing sorption without discontinuous 
points, seems to be in good agreement 
with our observation. 

The sorbed water of about 10%2 or more 
has a larger polarization value, i.e., 23 
cc./g. or more, than that of liquid water. 
There are two ways in which these large 
polarizations may be explained. One is 
to consider a much more highly developed 
hydrogen bond than that of liquid water, 
and the other is to consider that P, is not 
constant as was assumed in the derivation 
of Eq. (8), but must increase with in- 
creasing water content. The latter may 
be more plausible for starch, since water 
molecules seem to penetrate into the 
starch granule throughout and to loosen 
the secondary force which is associated 
with micell formation'». In other words, 
the polar group of starch becomes more 
polarizable, while the penetrating water 
loosens the micell structure. 

Since the reproducibility of the volume 
fraction measurement was insufficient in 
the case of a-modification, calculations of 
P;, were not performed. 


Summary 


rT 


The results of dielectric measurements 
for a- and $-modification of potato starch 
containing 0.0-13.9% sorbed water at audio 
frequency region are described. At dif- 
ferent temperature regions, two different 
dielectric loss processes are found which 
we call low frequency loss process and 
high frequency loss process. Discussions 
on the low frequency loss process are 
made. Qualitatively, both modifications 
of starch have the similar dielectric 
properties. From the analysis of the 


16) H. Sato, J. Chem. Soc. Japan, Pure Chem. Sec. 
(Nippon Kagaku Zassi), 72, 790 (1951). 
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polarization of the sorbed water, it may 
be concluded that sorbed waters change 
their properties gradually as sorption is 
increased, while they also loosen the micell 
structure of starch. 
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IT. High Frequency Loss Process* 


By Sozaburo ONO, Takashi KUGE and Naokazu KoizumI** 


(Received 


In Part I? of this series the dielectric 
properties of starch at audio frequency 
region were discussed. In the present 
paper, dielectric measurements have been 
made on the a- and §-modification of 
potato starch containing various amounts 
of water in the frequency range from 2kc. 
to 3mc. Dielectric dispersion, which was 
called ‘‘high frequency loss process”’ in 
Part I, was again observed and has been 
discussed. 


Experimenta! 


Dielectric constant, ¢’, and loss factor, ¢"’, 
were measured in the frequency range from 2 
to 30 ke. using the Schering bridge described in 
the previous paper), and the radio frequency 
range from 190 to 3000kc. was covered by 
Heathkit Model QM-1 Q-Meter which is shown 
in Fig. 1. Mica condenser, C», having practically 


cin 
“— | 
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Fig 1. Circuit-diagram of Heathkit Model 
QM-1 Q-Meter. 


pure capacitance of about 5000 ””F, was con- 
nected in series with the dielectric cell between 
the terminals T and T' in order to make the 
vacuum tube voltmeter circuit operate normally 
* Presented at the Symposium of High Polymer ard 
Water held in Tokyo, November, 1956. 
** Institute for Chemical Research, Kyoto University 
1) S. Ono, T. Kuge and N. Koizumi, This Bulletin, 
31, 34 (1958). 
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even when the cell had an appreciable loss. The 
loss tangent, tand, and the capacitance, C,, of 
the dielectric cell are readily calculated from 


A-2 €,(Q;—Q2) 


ran &="A+1 (C:—C)@: 
C Cm(C,—Co2) 
" Cy—(C,—Ce) 
A=Cwm/C;x 
where C,; and Q; are the value of resonance 


condenser C, and the Q value of the circuit, 
respectively, observed at resonance without the 
dielectric cell. C, and Q: are the values observed 
at resonance with the dielectric cell. 

Other experimental procedures were the same 
as those described in Part I. 


Results 


The variations of <’ and ¢’’ with tem- 
perature for the 3-modification cotaining 
various amounts of sorbed water at 700 kc. 
or its neighborhood are shown in Fig. 2. 
The curve v in this figure represents the 
one for the starch which was dried for 
12hr. at 80°C under the reduced pressure 
of 7mmHg. It can be seen from Fig. 2 
that <’’ of each sample has its maximum 
value ¢/max, although the shape of the 
curve is so flat that the temperature 7, 
where ¢’’ passes through a maximum is 
not determined accurately. The tem- 
perature coefficient of <' of each sample 
is always positive and seems somewhat 
greater at the temperature near 7,,. An 
increase in sorbed water produces serious 
variations in the data; <’ increases as has 
been observed previously”, ¢'’max vaiue 
increases, and 7, shifts to lower tem- 
peratures. The lower values of <’ and 
:''max for the sample of 17.5% water con- 
tent seem to be mostly due to its smaller 


— 
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Fig. 3. Frequency dependence of «' and ¢« 


’" 


taining 8.37% water (g./100g. dry starch) 


volume fraction of starch than that of 
those of the other samples. 

At a given water content, <’ and ¢’’ are 
affected remarkably by the frequency and 
the temperature of measurement. Figs. 3 
and 4 show the typical frequency depend- 
ences of <’ and ¢’’ for both modifications. 
The critical frequency f» where 
occurs shifts to lower frequencies as the 
temperature is lowered. The relation be- 


” 
= max 


of 3-modification of potato starch con- 
at several different temperatures. 


tween f, and the temperature for each 
sample is given in Fig. 5. It can be seen 
that a plot of log/f, against reciprocal ab- 
solute temperature is almost a straight 
line. Since the data at frequencies 30— 
190 ke. are lacking in jour study, a con- 
siderable number of errors might be 
encountered when the figures showing 
the frequency dependence of ¢'’ at a given 
temperature, e.g. Figs. 3 and 4, were used 
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— - §-modification 
a-modification 


which contain sorbed water at the in- 
scribed amounts (g./100g. dry starch). 
—— -modification a-modification 


in determining the critical frequency. 
Therefore, 7, was taken at a given 
frequency from the figures which show 
the temperature dependence of ¢'’, e.g. 
Fig. 2, and now this frequency was regard- 
ed as the critical frequency at the tem- 
perature 7,,. The relation given in Fig. 5 


ship is found in the range examined. 
(Fig. 6) 

By the use of the theory of absolute 
reaction rate developed by Eyring et al.”, 
the relaxation time can be expressed by 


was thus obtained. ie OF ad - -IF*/RT) (2) 
The mean relaxation time, rz, of the di- 3 h 


electric loss process may be regarded as 


t=1/22fhn 


The values of - calculated from f,, which 
was obtained by interpolation or extrapola- 
tion to --15°C in Fig. 5 are listed in Table 


where k and Ah are Boltzmann’s and 
(1) Planck’s constant, respectively, and JF* 
is the free energy of activation for dielec- 
tric relaxation. This can be rewritten as 





I. When the log cis plotted against the 2) S. Glasstone, K. J. Laidler and H. Eyring, ‘* Theory 


water content, an almost linear relation- 


of Rats Processes”, McGraw Hill Book Co. Inc., New 
York (1941), p. 548. 
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TABLE I 
VARIATIONS OF THE THERMODYNAMIC QUANTITIES AND RELAXATION TIME WITH CHANGE 
IN WATER CONTENT 


water con- 4F*= at 


: : eor: ? S* at t ¢ 

modification oo eg a is % “i 15°C sec. 
B 0.00(v)* 8.48 9.80 9.77 2.84 10-' 
0.00 8.27 10°6 10.6 1.87 x 10-* 
1.05 8.15 10.9 11.0 1.59 x 10-' 
1.62 7.95 10.3 11.6 1.00 x 10-® 

3.35 7.78 11.3 12.5 7.2410 
6.24 7.47 11.8 13.7 3.89 x 107# 

8.37 6.91 11.9 15.9 2.1510 
9.80 6.67 11.5 16.8 8.40 10-° 

17.5 5.57 12.6 21.0 1.00 « 10 
a 0.00 8.45 10.9 9.90 2.69 10-* 
1.16 8.14 10.9 11.1 1.45 x 10-' 
8.84 7.28 12.2 14.4 2.75x 10-7 

13.3 6.38 11.5 17.9 1.55 x 10 


* vy represents the sample dried under the pressure of 7 mmHg for 12hr. at 80°C. 


1 kT ’ 
= h exp(--JH*/RT)expn(4S* /R) 
(3) 
where 4H* is the heat of activation and 
AS* is the entropy of activation for di- 
electric relaxation. From Eqs. (1) and (3) 


— R din fy, 
d(1/T) 


Therefore, J4H* can be obtained from the 
slope of the curve drawn in Fig. 5. JS* 
may be calculated since J4F* is now 
known. These values are presenied in 
Table I. 

In considering those quantities as a 
function of water content, we should take 
those values at a particular temperature, 
since they are also functions of tem- 
perature. It isseenin appearance that JH* 
increases with increasing water content. 
However, it may be reasonable to think 
that all JH* would take the similar value 
of about 11 kcal./mole as a mean, because 
the errors for the determination of fy, 
would be appreciable, for the absorption 
maximum is flat, and the values of JH* 
given in Table I are not ones obtained at 
a particular temperature. Eleven kcal./ 
mole was used as the value of JH* in the 
calculation of JS* for all samples. 


—AH# 


Discussion 


There are two main theories which have 
been advanced to account for the dielectric 
relaxation process. One is the dipolar 
theory first proposed by Debye, in which 
the relaxation time of the absorption 


+RT (4) | 


process depends on the hindrance to free 
rotation imposed on the dipolar group by 
the environment, and the other is the 
inhomogeneity theory proposed by Max- 
well and Wagner, in which the relaxation 
time is governed by the relative dielectric 
constant and the conductivity values at- 
tached to the constituents of the material. 
Both give similar dependence of the di- 
electric constant and loss factor on fre- 
quency and temperature, so that it is im- 
possible to determine which mechanism 
is responsible for the process by means of 
the analysis of the phenomena. 

According to the consideration by Sil- 
lars”, the water, which is considered to 
be present as single molecule or in a small 
group of molecules throughout the starch 
granule”, may not produce serious loss 
due to Maxwell-Wagner type. 

In the previous paper’? we considered 
that Maxwell-Wagner type effect would 
occur in the low frequency loss process. 
The dielectric dispersion described in this 
paper, which has been called the high 
frequency loss process in Part I, may be 
attributed to the hindered rotation of 
hydroxy! group from the following reasons. 
i) The absorption curves for the carbo- 
hydrates, such as glucose”, maltose”, cel- 
lulose®’ and starch, are very similar to 


3) R. W. Sillars, J. Jnust. Elect. Eng., 80, 378 (1937) 

4) N. N. Hellman and E. H. Melvin, J. Am. Chem. 
Soc., 72, 5186 (1950); N. N. Hellman, T. F. Boech and 
E. H. Melvin, ibid., 74, 348 (1952). 

5) P. Abadie, R. Charbonniére, A. Gidel, A. Girard 
and A. Guilbot, J. chim. phys., 50. C46 (1953). 

6) L. Pungs, Electrotech. Z., A75, 433 (1954). 

7) R. Seidman and S. G. Mason, Can. J. Chem., 32, 
744 (1954). 
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each other in respect to the fact that the 
curve has a very broad maximum in the 
frequency region of a few to ten mega- 
cycles at room temperature. That is, 
these loss processes have the relaxation 
time and its distribution of the same order. 
ii) The value of JH* obtained for starch 
can be compared with those for cellulose 
(11.7 kcal., for 3.3% water content)”, ice 
(13.3 kcal.) and the hydroxyl group of 
terylene (12.4 kcal.)”. 

Since the hydroxyl groups of starch and/ 
or the sorbed water cause the high fre- 
quency loss process, we should take into 
consideration the situation of the hydroxyl 
group in the micell of starch. The effect 
of the sorbed water on the dielctric relaxa- 
tion shouid be considered from the change 
of the micellar structure due to water 
penetration into the granule. Considering 
the large swelling of the starch granule 
by the sorption of water”, it is certain 
that the sorbed water loosens the forces 
between the starch chains, thus facilitating 
the movements of the hydroxyl group of 
the starch. In the previous paper”, the 
change of polarization of starch has also 
been interpreted by the loosening effects 
of water on the micell structure. An in- 
creased moment which orientates to the 
electric ficld can result from the water 
sorption, because the greater part of the 
sorbed water may be considered to be 
combined with the hydroxyl group of 
starch and to rotate together withit. From 
the above considerations, experimental 
results that dF* decreased, + became 
shorter and ¢'’max increased with increas- 
ing sorbed water, are now understood well. 

Abadie et al. concluded from the varia- 
tion of the critical frequency with increas- 
ing water content that the water, below 
a 15—16% water content, was believed to 
be bound chemically, while the water, 
above this limit, appeared to be adsorbed 
physically*. Our results, however, show 
that such a distinction can not be made, 
since rc decreases continuously with the 
sorbed water, as can be seen in Fig. 6. 

Comparing the values of +r, JH*, JF* 
and JS* of the a-modification with those 
of the $-modification, we can find no sig- 
nificant difference between them when the 
accuracy of the estimation of f,, is allowed 
for, though zc of both modifications lies 


8) RK. P 
1309 (1952). 
9%) W. Reddish, Trans. Faraday Soc., 46, 459 (1950). 

In spite of their interpretation, it is difficult for us 
to find any discontinuing behavior of absorption curves 
given by them, during the sorption of water. 


Auty and R. H. Cole, J. Chem. Phys., 20, 
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on the separate two lines in Fig. 6 
respectively. 

The most interesting feature is the fact 
that the value of ¢’’max increases with in- 
creasing temperature as is seen in Fig. 3. 
This is unusual in the Debye type absorp- 
tion. We have analyzed the data by the 


Cole-Cole plot method'». Fig. 7 shows one 











Cole-Cole plot of the §-r 
of starch containing 1.62%, water 





Fig. 7. 
tion 
z./100¢. dry starch). 


of these plots indicatig greater value of 
e''max for higher temperature. It can also 
be seen that the static dielectric constant, 
¢; increases with increasing temperature 
and that the parameter a, a measure of 


the distribution of the relaxation times, 
is almost independent of temperature. 
Neither the value of a appreciably 


varied with water content in our study. 
The small variation of the optical di- 
electric constant, <«-, with temperature 
which is seen in Fig. 7 is most likely 
owing to the increase in the density of 
the liquid paraffin between the electrodes 
so that «« seems to be independent of 
temperature. 

According to Froéhlich'?, for tempera- 
tures below the transition point, increased 
temperature creates some disordered ar- 
rangement of dipole in crystalline solid, 
thus leading to increase in «,, which can 
be expressed as 


és—eeccexp(—V/kKT) when V>kKT (5) 


where V is the energy difference of a 
dipole in the two equilibrium directions. 
If the distribution of relaxation times is 
independent of temperature, it follows 
that 


e/'max OC exp(-—V/kT) (6) 


Although quantitative treatment is not 
possible without a detailed knowledge of 


10) K. S. Cole and R. H. Cole, J. Chem. Phys., 9, 341 
(1941). 

11) H. Fréhlich, ‘‘ Theory of Dielectrics” Oxford Press 
(1949), p. 53-61, 132. 


January, 1958] 


the micell structure, our results are inter- 
preted qualitatively by Fréhlich’s theory. 
One of the equilibrium positions of the 
hydroxy! group is more stable than the 
other. In other words, the arrangement 
of the hydroxyl group is considered to be 
well-ordered in the micell of starch and to 
be somewhat disordered with increasing 
temperature. The fact that the tempera- 
ture coefficient of ¢; is positive, means that 
an external field increases the entropy’. 
This indicates also the possibility that in 
the absence of the field the hydroxyl 
group in the micell is well-ordered as may 
be expected in a crystalline solid. 

Abadie et al.’ found also that e'’max of 
cellulose and starch increases with 
increasing temperature, and interpreted 
that these temperature effects were due 
to the diminution of the action of the 
environment on the rotation of the 
hydroxyl groups. 

For the a-modification, the relation be- 
tween the e’ and ¢'’ was not so satisfac- 
torily represented by the circular arc as 
for the 5-modification and this fact seemed 
to arise from the relatively large experi- 
mental error due to the small volume 
fraction of the a-modification. Since, how- 
ever, 2s -an be seen in Fig. 4, the e!'max 


value for the a-modification remains al-~ 


most constant regardless of temperature, 

it seems plausible that the arrangement 

of the hydroxyl group for the a-modifica- 
12) reference 11) p. 9-13. 


13) P. Abadie, R. Charbonniére, A. Gidel, P. Girard 
and A. Guilbot, Compt. rend., 241, 1127 (1955) 
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tion is not so well-ordered as for the f- 
modification. The present conclusion 
coincides with the opinion’? that the a- 
modification used here is amorphous. 


Summary 


Dielectric measurements have been made 
on a- and f-modification of potato starch 
containing 0.0—17.7% sorbed water in the 
frequency range from 2kc. to 3mc. and 
temperature range from room temperature 
to —70°C. The dielectric relaxation process 
found has been attributed to the hindered 
rotation of the hydroxyl groups of starch 
and sorbed water. The heat of activation 
for this process is about 11 kcal./mole as 
a mean. The free energy of activation 
and the mean relaxation time of this 
process are lowered as the sorbed water 
is increased. The variation of the di- 
electric loss curve with the sorbed water 
has been discussed. Both modifications 
show similar dielectric behavior quali- 
tatively, except in the case of the tem- 
perature dependence of ¢''max value. 
The variation of the e'’max value with 
temperature for f-modification suggests 
that the arrangement of the hydroxyl 
group would be considerably well-ordered 
in the micell of starch granule. 


Laboratory of Biophysical Chemistry 
College of Agriculturc, University of 
Osaka Prefecture, Sakai 


nd R. W. Kerr, J. Amt. Chern. Soc., 
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Rate of Methanol Synthesis 


By Hiroshi UcumA and Yoshisada OGINO 


(Received June 13, 1957) 


Although there have appeared many 
papers dealing with measurements on 
the methanol synthesis, only the paper 
by G. Natta and his coworkers®” provides 


W. K. Lew and P. K. Frolich, Jad. Eng. Chen 
20 3 \. 
»») P. K. Frolich, M. R. Fenske et al., ibid., 20, 1 
( 
D. S. Cryder and P. K. Frolich, ibid., 21, 867 (1929) 
M Fenske and P. K. Frolich, ibid., 21, 1052 


G. Natta, P. Pino et al., La Chimica e L’Industria, 


the experimental data sufficient for kinetic 
interpretation of the methanol synthesis. 
On the basis of their experimental results, 
they have proposed a rate equation of the 
methanol synthesis, which contains a few 
consiants to be determined by laborious 
measurements at high pressure. 

In the course of our study mn catalysts 


£73 ~ ~ han ] * +7 vat) re 7} iter 
tor the methanol Synwuesis, we desired to 


Builctin, 29, 587 


6) H. Uchida and Y. Ogino, This 
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obtain the rate constant from a small 
number of measurements. In order to 
obtain a rate equation, which is more 
convenient for this purpose than that by 
G. Natta et al., necessary experimental 
data have been prepared by carrying out 
measurements on the methanol synthesis 
in wide ranges of the pressure and the 
ratio of hydrogen to carbon monoxide. 


Experimental Procedure 


The synthesis was conducted in a reactor con- 
taining 5cc. of acatalyst of 2—3mm. size. The 
gas for the synthesis was introduced into the 
reactor from a pressure storage; and the decrease 
in the pressure in the storage served as a measure 
of the volume of the gas fed. The exit from the 
reactor was freed from methanol through an ice- 
cooled condenser, and the volume was determined 
by means of a gas-meter at atmospheric pressure. 
By assuming the stoichiometric methanol yield 
of the gas consumed in the reactor, the methanol 
concentration in the exit gas just having left the 
reactor and the conversion into methanol were 
calculated*!. 

Some series of the synthesis were made under 
different total pressures ranging from 90 to 150 
kg./cm* at several different temperatures between 
300 and 360°C with gases of varying H2/CO ratios. 
Moreover, in order to obtain the kinetic data, 
each series of the experiments at a definite 
pressure, H:/CO ratio, and temperature, was 
made at different space velocities between 1 104 
and 110°. 





























o1 
1, thermocouple well: B, quartz tube: 
C ) and E, copper tubes: F, copper 
sranuies: G, catalyst: H, lead for heater. 
*1 The concentration could also be determined from 
the quantity of methanol actually obtained in the 
synthesis. The value agreed ‘I! with that calculated 


by the above method. 
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The reactor is illustrated in Fig. 1. The catalyst 
(a packed bed of 22mm. diameter and 17mm. 
high) was pretreated for six hours at 350°C with 
a mixture of the gas (two moles of hydrogen and 
one mole of carbon monoxide) at atmospheric 
pressure, and thereafter the reactor was once 
brought to a lower temperature. At this lower 
temperature the gas was admitted at a space 
velocity at a high pressure, and then the tem- 
perature was raised gradually up to 330—340°C. 
After two hours’ synthesis at this high tem- 
perature, a stationary conversion could be 
attained, and the temperature was then brought 
to the desired levels. During the synthesis the 
temperature difference along the catalyst bed 
remained less than 1°C. 

Quantities of nitrogen such as 7.9% and 2.9% 
were contained in the feed gases of H:/CO ratios 
of 2 and 3,74 respectively. Hydrogen, carbon 
monoxide and carbon dioxide in the gas after 
the synthesis were determined by the conventional 
methods; hardly any methane or olefine were 


7) 
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detected. The liquid product was analyzed for 
water by Karl-Fischer’s method and for methyl 
formate and formaldehyde by the procedures 
described in our previous paper®. 

The catalyst used in this study was a zinc 
oxide-chromia catalyst which was prepared from 
an intimate mixture of commercial zinc oxide 
(grade, pure) and aqueous solution of chromic 
acid. The mixture was dried in air at room 
temperature, and the resulting cake was powdered 
and pressed to tablets. The catalyst contained 
19 wt. % chromia. 


Results 


Methanol Concentration as a Function 
of Temperature.— A part of the experi- 
mental results are shown in Figs. 2 and 
3. In the figures, the methanol concentra- 
tion in the exit gas in the synthesis at 
150kg./cm” are plotted as a function of 
temperature for each space velocity. Fig. 
2 refers to the results with the gas of 
H./CO ratio of 2, and Fig. 3 to those with 
the gas of H./CO ratio of 6. 

As is seen in Table I, the product con- 
tained water, methylformate and formal- 
dehyde as by-products; and a little in- 
crease in carbon dioxide was found in the 
exit gas. However, it may reasonably be 
expected that the methanol concentration 


calculated by the above mentioned method. 


is correct, because quantities of the by- 
products are very small. 


TABLE I 


IMPURITIES IN PRODUCT AND CARBON DIOXIDE 
CONTENT IN EXIT GAS 


Reaction y-products, wt. % CO:z in 
temperature, exit gas, 
Cc H,O HCO.CH; HCHO vol. % 
300 1.07 0.13 0.05 0.4 
320 0.55 0.20 0.16 0.4 
340 0.75 0.13 0.11 0.4 
360 1.04 0.20 0.11 0.6 


Every experiment was made at 150 kg./cm? 
at SV) of 1x10 with the gas of H:/CO=2. 
The gas contained 0.2 vol. % of CQO». 


Equilibrium Constant for Methanol 
Synthesis.—The equilibrium constant of 
the methanol synthesis was determined 
by many workers,'’’~'? and the thermo- 


7) D. M. Newit, B. J. Pyrne et al., Proc. Roy. Soc., 
123, 235 (1929). 

8) L. Brown and A. E. Galloway, Jnd. Eng. Chem., 
20, 960 (1928). 

9) E. Audiert and A. Raineau, ibid., 20, 1105 (1928). 
10) D. F. Smith, L. L. Hirst et al., ibid., 22, 1037 (1930). 
11) D. F. Smith and B. F. Branting, J. Am. Chem. 
Soc., 51, 129 (1929). 

12) E. F. Wettberg and B. F. Dodge, Ind. Eng. Chem., 
22, 1040, (1930). 
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dynamical calculation was given by R. H. 
Ewell’. However, there were some dis- 
crepancies among the values. In the 
present study an attempt has been made 
to obtain the equilibrium constant K by 
conducting the synthesis at a low space 
velocity at relatively high temperatures. 
The results** are given in Fig. 4, in com- 
parison with the results reported by the 
above investigators. The values obtained 
here are intermediate between Newit’s 
and Ewell’s. The values of the equilibrium 
constant on the straight line drawn 
through our observed values will be em- 
ployed in our kinetic interpretation of the 
experimental data. The line runs parallel 
to Ewell’s. 











5.0) we 
= 40 
x 
20} : 
| , 
\/e 
19 418 #17 16 ©6115 
» 1/Tx104 
Fig. 4. Equilibrium constant for methanol 
synthesis. 


<, Newit, Byrne and Strong: , the pre- 
sent authors: [ |, Lewis and Frolich: A, 
Brown and Galloway: (), Audibert and 
Raineau: a, Smith and Hirst: §§, Smith 
and Branting: @, Wettberg and Dodge: @, 
Newton and Dodge: full line, Ewell. 


Relations of Total Pressure to Metha- 
nol Concentration and Conversion Efifi- 
ciency.—Changes in the methanol concen- 
tration and in the conversion efficiency 
(actual methanol concentration/equilib- 
rium methanol concentration) with the 
total pressure are exemplified in Figs. 5 
and 6 for the syntheses at 310 and 330°C 


3) R. H. Newion and B. F. Dodge, J. Am. Chem. Soc., 
56, 1287 (1934). 

14) A. Tomita, J. Chem. Soc. Japan, Ind. Chem. Sec. 
(Kogyo Kagaku Zassi), 54, 504 (1951). 

15) R. H. Ewell, Ind. Eng. Chem., 32, 147 (1940). 

*2 Deviation of the pressure-concentration relation 
from the ideal gas law was corrected by means of the 
activity coefficient derived from Berthelot’s formula 
(refer to R. H. Ewell'®). 
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with a gas-mixture containing two moles 
of hydrogen and one mole of carbon 
monoxide. The conversion efficiency tends 
to change with the total pressure more 
remarkably at the lower temperature but 
less so at the higher temperature. At the 
high temperature of 350°C it becomes 
nearly constant independent of the total 
pressure. 

Dependence of the Methanol Concentra- 
tion and the Conversion Efficiency on the 
Ratio of Hydrogen to Carbon Monoxide. 
—Figs. 7 and 8 show the plots of methanol 
concentration and of the conversion effi- 
ciency, vs. the ratio H./CO, respectively. 
At high ratios, the methanol concentration 
remains small, but it increases rapidly, 
at first, with the decreasing ratio, and 
then slowly ata ratio less than four. This 
increasing tendency appears less marked 
in the synthesis at higher space velocities 
where the concentration remains far below 
the equilibrium value. So far as the ratio 
is limited to a range from 2 to 4, it is 
expected that in the industrial synthesis, 
where the space velocity is relatively high 
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Ratio of H:/CO 
Methanol concentration and con- 
version efficiency as function of H:/CO 
ratio. 
full line, methanol concentration: dotted 
line, conversion efficiency. Fig. 7, 330°C: 


2 


Fig. 8, 350°C 


Figs. 7, 8. 


and consequently the methanol concentra- 
tion remains considerably lower than the 
equilibrium value, the space-time-yield 
will remain nearly the same, independent 
of the change in the ratio. At high ratios, 
the conversion efficiency is high, and tends 
to decrease monotonously as the ratio 
lowers to the value of two. 


Diseussion 


Rate Equation of Methanol Synthesis. 
In contrast to the rate equation by Natta 
et al., which was derived on the assump- 
tion of Langmuir’s adsorption isotherm of 


the reactants and producti on the catalyst, 
the rate equation presented here has been 


derived on the assumption of the logarith- 


mic adsorption isotherm. The procedure 
of the derivation is analogous to that 
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made by Temkin et al.'» with their rate 
equation of the ammonia synthesis. It is 
assumed, however, that the desorption of 
methanol is rate determining and that 
neither the adsorption of hydrogen nor 
that of carbon monoxide is rate determin- 
ing*’. 

Based on the foregoing assumption, the 
rate of the methanol synthesis is given by 


r= Vaes—Vaas=k' ae”’ —R' aPcyjone ** (1) 


where A and g are constants, @ is the 


degree of coverage with methanol, and nf 8 


and k', are constants at a definite tem- 
perature. On the other hand, it follows 
from the assumption that the adsorption 
isotherm must satisfy the equation: 


1 
6=— ln 4. PcH,OH (2) 


f 
where f(f=g+h) is a constant and a isa 
coefficient dependent only on temperature. 
To eliminate 0, *cy,on iS introduced by 
following the manner of Temkin et al., 


1 ‘ 

j= = In 40?" cH,oH (3) 
f 

?*cu,on=K + Pcoh’n, (4) 


where K is the equilibrium constant of 
reaction and p*cu,on is the fictitious. 
methanol pressure in equilibrium with the 
degree of coverage @. Hence the substitu- 
tion of (3) and (4) in equation (1) gives 
the rate equation of the methanol syn- 
thesis. 


r=ke(pcoh’y,)' i —kofcu,on’ (Pco P’u,) —— 
=kal (pcoh*n,)'~* 
—Pcu.on * (Pcoh’n,) */K} (5) 


where a is g/f. 

The reaction rate of the methanol syn- 
thesis in a steady-state flow system through 
a fixed catalyst bed is usually given by 
equation (6), 


7 1 : dz (6) 
=€* 1422)?" d(1/SV) 


in the equation, c is a constant equal to 
1/273 - R-cmn, where R is the gas constant 
and c» is the mean compressibility coeffi- 


16) M. Temkin and V. Pyzhev, Acta Physicochim., 
OG. S. S. R., 12, 327 (1940). 

*3 This is because the premise that the adsorption of 
reactant is rate determining has proved to lead toa rate 
equation representing the results less satisfactorily. On 
the other hand, other steps such as the reaction between 
the adsorbed hydrogen and the adsorbed carbon monoxide 
might also be adopted as a rate determining step, but it 
will not be stated in this case, because the data could 
be explained by the concept written here. 
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cient of a gas at normal state, SV, is the 
space velocity based on the inlet side of 
the reactor, and z is the methanol con- 
centration (mol. %) in the exit gas. The 
term 1/(1+2z)* comes from the change in 
number of moles of the components of the 
system 2H,+CO.”CH;OH. 

By combining equation (5) with equation 
(6) and integrating the resulting equation, 
equation (7) is obtained, 

k/SV.= 

dz 

(1+22)*{(bcoP*n,)'~ “—Pcu,on’ (PcoP’x,) “/K} 

(7)* 
where k, the rate constant, is given by 
k=273-R-cnkaz. The equation involves a 
constant a besides k. The constant a is 
here evaluated by the trial and error 
procedure as follows: since the integral 
term in equation (7) can be solved numeri- 
cally for arbitrary values of z and a, the 
three values, 0.1, 0.3, and 0.7, were chosen 
for a and the integration was performed”. 
The values of the integral thus obtained 
are plotted against the reciprocal space 
velocity which corresponds to the value 
of z employed in the integration. The 
equation postulates that whenever a cor- 
rect value of a is chosen, the plots for 
the synthesis at a definite temperature at 
different pressures fall on one straight line 
passing through the origin. The postulate 
is well satisfied when the value of a is 
0.3, as shown in Fig. 9. When a is 0.1 the 
plots for different pressures begin to 
diverge progressively with rising tem- 
perature, while when a is 0.7 they do so 
with lowering temperature. Moreover, 
the gradient of the straight line (a=0.3) 
gives the rate constant k. 

The validity of our rate equation be- 
comes established only when the rate 
constant is independent of the total pres- 
sure, the ratio of H./CO, and the space 
velocity. In Fig. 9 it has already been 
proved that the rate constant is independ- 
ent of the total pressure so far as a is 0.3. 


*4 By introducing into equation (7) the following 
relations, 
@cus0H=YCH30H*P2, @11g=¥ He*2 P: (m/2—z)/A+n), 
@.0= Ycopi1+ (—n)z/(1+n)}, where a is the activity, 
y is the activity coefficient, and /f is the total pressure, 
the equation is rewritten as 


K/SV,= 
a 
{ = Ut O—w)FaR=2)) ee 
f | YCOYH2 (+n)3 
. 4P3\1+(1—n)z}(n/2—z) > 
0 (14+22)2/ 2 —yYonsouP2/K 
YCOYH, (+n)3 8 


*5 M. Temkin etal., gave 0.5 for @ in their derivation 
of the rate equation for the ammonia synthesis. 
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Figs. 9 and 10 Plots of J(z) where a=0.3 vs. 
reciprocal space velocity in the syntheses 
with gas of n=2 at different pressures (Fig. 
9) and of different values of n at 150 kg./ 
cm? (Fig. 10). Fig. 9, pressures (kg./cm*): 
x, 150: A, 180: O, 110: @, 90. Fig. 10, n 
(H2/CO): x, 2.0: @, 3.74: ., 6: ©, 10. 


As shown in Fig. 10, the variation in the 
ratio of H./CO causes hardly any change 
in the rate constant. Furthermore, the 
values of zat the different space velocities 
are calculated by employing a value of k 
and are plotted against the reciprocal 
space velocity in Fig. 11 (curves in full 
line). The curves agree well with the 
experimental data over a wide range of 
the space velocity. 
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Fig. 11. Verification of the rate equation. 


The plot of log vs. reciprocal absolute 
temperature shows a straight line and the 
slope gives an apparent activation energy, 
26.1 kcal./mol. 

On the other hand, the rate equation 
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which is the same in formula as equation 
(5) can also be obtained on the basis of 
Freundlich’s adsorption isotherm (refer 
to the paper by T. Kwan’). 

A rate equation of the methanol syn- 
thesis has already been proposed by Natta 
et al. on the basis of their very com- 
prehensive experimental data on the syn- 
thesis. Their equation contains four con- 
stants, three of which are to be determined 
from the initial rate in three experiments 
performed at the same temperature, but 
at different total pressures and ratios of 
hydrogen to carbon monoxide. In the 
present work, however, accurate deter- 
mination of the initial rate has been 
difficult, since the results do not contain 
so many values of the methanol concen- 
tration at very high space velocities as 
are sufficient for the drawing of the plot. 

It is probable that by choice of suitable 
values for the constants, the rate equation 
by Natta et al. should represent the pres- 
ent experimental results well. However, 
the choice must be made by the trial and 
error method, and requires a tedious task 
of calculation. 


Summary 


Over a wide range of the total pressure 
and the ratio of hydrogen to carbon 
monoxide measurements on the methanol 
synthesis have been made at different 
temperatures at different space velocities. 
Relations of the total pressure to the 
methanol concentration and the conversion 
efficiency, and the dependence of the 
methanol concentration and the conversion 
efficiency on the ratio of hydrogen to 
carbon monoxide are presented. 

Based on the assumption of the logarith- 
mic adsorption isotherm and of the 
methanol desorption as the rate determin- 
ing step, the rate equation for the metha- 
nol synthesis has been derived, which 
follows: 


r=ka{ (Pcob’u,)*”’ —Pcu,on' (Pcob’n,) ~"*/ K} 


The equation has proved capable of re- 
presenting our experimental results satis- 
factorily over relatively wide ranges of 
the pressures, the ratio of hydrogen to 
carbon monoxide and the space velocity. 


Government Chemical Industrial 
Research Institute, Tokyo 
Shibuya-ku, Tokyo 


17) T. Kwan, J. Phy. Chem., GO, 1033 (1956). 
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Chemical Constitution of Isorenieratene* 


By Masaru YAMAGUCHI 


(Received September 4, 1957) 


The orange-colored sponge ‘‘ Reniera 
japonica’’ contains a number of polyene 
pigments’. Among them a pigment 
named _ renieratene predominates. in 
quantity, while a pigment of m.p. 199° 
forms a second constituent which amounts 
to 30~50% of the former. It has been 
reported that this second constituent is 
also a hydrocarbon, CyHis or CyHso, and 
exhibits the absorption maxima at 520, 
484 and 452 my in carbon disulfide”. 

The absorption maxima and the melting 
point of the pigment closely resemble 
leprotin (C4oHs;, m.p. 199~200°; absorption 
maxima in carbon disulfide 517, 478, 447 my; 
12 double bonds) which has been isolated 
by Grundmann and Takeda from an acid- 
resisting bacteria of a leper». However, 
the pigment differs from leprotin in the 
molecular formula and in the number of 
double honds. These differences seem to 


afford the evidence to conclude that these’ 


pigments are not identical with each 
other, though it may not be said that 
leprotin has been thoroughly characterized 
in these respects. Therefore the name 
tsorenieratene is tentatively proposed to 
the pigment by the author. 

The study of the chemical constitution 
of isorenieratene has been considerably 
difficult at first because of the small 
amount of material available (ca. 450 mg.), 
but as the pigment had fortunately a 
symmetrical structure which facilitated 
the isolation of the degradation products, 
it was possible to elucidate its constitution 
almost throughly, as will be described 
below. 

The solution of the pigment isomerized 
by the addition of iodine shows the 
absorption spectrum with a marked cis- 
peak which can not be observed in the 
fresh solution (Fig. 1). Therefore iso- 


renieratene seems to have an all-trans 
* “Pigments of Marine Animals”, V. IV of this 
series; This Bulletin, 30, 979 (1957). 

1) T. Tsumaki, M. Yamaguchi and T. Tsumaki, /. 
Chem. Soc. Japan, Pure Chem. Sec. (Nippon Kagaku 
Zassi), 75, 297 (1954). 

2) M. Yamaguchi, This Bulletin, 30, 111 (1957). 

3) C. Grundmann and Y. Takeda, Naturwiss., 25, 27 
(1937); Y. Takeda and T. Ohta, Z. Physiol. Chem., 258, 
6 (1939). 


configuration as to the conjugated double 
bonds. 








e(molar extinction coefficient) x 10-4 


300 400 500 
wavelength (mys) 
Fig. 1. Absorption curve of isoreniera- 
tene (benzene). 
—— fresh solution 
seteee isomerized solution 


Isorenieratene absorbs 15 moles of 
hydrogen on catalytic hydrogenation, 
which indicates that two rings exist in 
the molecule of the pigment. On deter- 
mination of side chain methyl groups, it 
gives volatile acid corresponding to 7 
moles of acetic acid. 

The negative result in the determination 
of isopropylidene group indicates that 
isorenieratene possesses neither an _ iso- 
propylidene group, nor an ionone ring. 
This agrees with the fact that the pigment 
has no Vitamin A activity. 

From the molecular formula, isoreniera- 
tene is considered to be an isomer of 
renieratene which hasa molecular formula 
C,His and 15 double bonds”. The results 
of the determinations described above are 
also very similar to those obtained on 
renieratene. Therefore isorenieratene is 
considered to have a structurally close 
relation to renieratene. In the previous 
paper? it has been interpreted that 
renieratene should have benzene rings 
in the molecule. The same argument is 
also valid for isorenieratene, and that the 


4) M. Yamaguchi, This Bulletin, 30, 979 (1957). 
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pigment possesses benzene rings as the 
terminal groups, is deducible from the 
following reasons. Though isorenieratene 
absorbs 15 moles of hydrogen, it exhibits 
the absorption maxima similar to those 
of £-carotene which has 11 double bonds. 
In order to contain fifteen unsaturations, 
a Cy-carotenoid should have nessesarily 
triple bonds, allenic bonds or ringsystems 
with benzenoid structure or the like. 
However, in the infra-red spectrum (Fig. 
2) no bands are observed which indicate 
the presence of triple or allenic bonds, 
but on the other hand a marked absorption 
at 810cm™' is observed, which can be 
considered to be due to the out-of-plane 
deformation of two or three adjacent 
hydrogen atoms attached to the tetra- or 
tri-substituted benzene ring. 





ve 

ro) 4 

= 

S 2 

ES 40 

a © 

c 

& 100! 

3.4 5 6 7 8 9 10 ll 12 13 14) 

Fig. 2. Infra-red spectrum of isorenieratene. 


The direct proof of the presence of 
benzene ring has been given by chromic 
acid oxidation and potassium permanga- 
nate oxidation. When isorenieratene is 
weakly oxidized with chromic acid cor- 
responding to five atoms of oxygen per 
mole of the pigment, crocetin dialdehyde” 
(1) is obtained as a main product. This 
has established the structure of the middle 
part of the molecule of the pigment. 

When isorenieratene is oxidized with 
chromic acid corresponding to two atoms 
of oxygen, a carotenoid aldehyde C;,H;,O 
is obtained as a main product. The 
aldehyde is identical with isorenieral 
which has been obtained by the oxidation 
of renieratene’®. From the fact that while 
renieratene gives two aldehydes, renieral 
and isorenieral, isorenieratene gives iso- 
renieral only, it is concluded that iso- 
renieratene has a symmetrical structure. 
From the colorless part of the chromato- 
gram of the above oxidation product, a 
small amount of viscous oil is obtained. 
The oil affords the semicarbazone of m.p. 
167°, which is proved to be identical with 
the semicarbazone of 2,3,6-trimethyl- 
benzaldehyde (IV) described later. 

When isorenieratene is oxidized with 


5) O. Isler, H. Gutmann, H. Lindlar, M. Montavon, R 
Riiegg, G. Ryser and P. Zeller, Helv. Chim. Acta, 39, 
463 (1956). 
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potassium permanganate, three acidic 
substances and one neutral product are 
obtained. One of the acidic products is 
oxalic acid (VII), which is identified by 
an elementary analysis and a mixed 
melting point. The second acidic product 
is a dibasic acid Of m. p. 231°, which has 
a formula CyH:O;. When the acid is 
further oxidized with potassium permanga- 
nate, it furnishes a tetrabasic acid of 
m. p. 215~238°, C,oH;O;:, which is identified 
as 1,2,3,4-benzenetetracarboxylic acid 
(VIII) by an elementary analysis and a 
mixed melting point with an authentic 


sample’. The dibasic acid of m.p. 231° 
is also formed synthetically by the 
moderate oxidation of 2,3,6-trimethyl- 


-tenzoic acid (V), and it does not show 
any tendency to form an anhydride at the 
melting point. Therefore it is obvious 
that the acid is 2,4-dimethylbenzene-1, 3- 
dicarboxylic acid (VI). As the third 
acidic substance is considerably difficult 
to purify because of the small amount of 
material and its large solubility, it is 
converted into p-phenylazophenacyl ester 
and purified by means of chromatography. 
The pure ester thus obtained is identical 
with the authentic sample of p-phenyl- 
azophenacy]-2, 3,6-trimethylbenzoate (free 
acid: (V)). 

The neutral fraction is a viscous oil 
and it gives impure semicarbazone, m. p. 
149~154°. The semicarbazone is converted 
into 2,4-dinitrophenylhydrazone, and the 
chromatographic purification of the latter 
gives a hydrazone of m.p. 219°. As it 
has been easily expected that the aldehyde 
may be 2,3,6-trimethylbenzaldehyde (IV), 
it has been synthesized from 3-bromo- 
pseudocumene by the Grignard reaction in 
aca. 64% yield. The synthesized aldehyde 
gives 2,4-dinitrophenylhydrazone of m. p. 
219°, which is not depressed by mixing it 
with the sample from _ isorenieratene. 
The aldehyde gives a semicarbazone of 
m. p. 167°, which is proved to be identical 
with the sample obtained by the chromic 
acid oxidation of isorenieratene described 
above by the mixed melting point deter- 
mination. 

These results are summerized in Fig. 3, 
and it is concluded that isorenieratene 
has a structure of 1, 18-bis-(2, 3, 6-trimethyl- 
pheny])-3, 7, 12, 16-tetramethy]-l, 3, 5, 7,9, 11, 
13,15,17-octadecanonaene (III), and that 
isorenieral has the structure indicated by 
the formula (II). 


6) M. Freund and K. Fleischer, Anm., 411, 14 (1916). 





January, 1958] Chemical Constitution of Isorenieratene 53 
HH HHHH HH 
OHC-CrCLat cat Col Cae etac- -CHO HC. HH HHH HHHH HHH 
CH: CH: 91 CH, CHs CGCC=O CACO C-COR 
iS) CHs CHs CHs CHs 







> 

ne SHH HHH HHH 

cd “C=C Ebb Cac Cet ~CHO,V 
cy, CC Hs 





crop ® 
CHs 5 CHs 


H HH HHH HHAH HHH HH J cu, 
' CCE COCA CCC WV 
cy, co CH CH, 


3" 


<KMn0, 





S,COOH OOH 


= Sea HOOC ¢ 
‘ci cy, 00H 


S Vi 
+ 

s/ & 

é/ 5) 


ce LS: H,C. COOH 
CH, .. 


oot” 
Fig. 3. Oxidation hs isorenieratene. 


A carotenoid with two non-substituted 
benzene rings (IX) has been synthesized 
by Eugster and coworkers”, and it has 
been proved to exhibit the absorption 
maxima at 541, 502, 472my in carbon 
disulfide. Isorenieratene however shows 


the absorption maxima at 520, 484, 452 my. 


in the same solvent. The difference in 


HH HHH HHH 
TC -C-C-Cab CeCe Cale ce 
CHs CHs x CH; CHs 


the position of the absorption maxima is 
considered to be due to the steric hindrance 
caused by the methyl groups attached to 
the neighboring positions of the polyene 
chain in the benzene nucleus of the 
molecule of the pigment. It is considered 
that the presence of such methyl groups 
hinders the uniplanarity between the 
benzene rings and the polyene chain, and 
causes subsequent decrease in the degree 
of conjugation, which resulted in the shift 
of the absorption maxima to the shorter 
wavelength location”. 

That the chemical constitution of iso- 
renieral is expressed by the formula (II), 
lead to the conclusion that renieratene has 
a partial formula indicated by (X), for it 
has already been shown that renieratene 
gives isorenieral besides renieral on oxida- 
tion and that it is also the derivative of 
tetramethyloctadecanonaene. 


7) C. H. Eugster, C. Garbers and P. Karrer, Helv. 
Chim. Acta, 35, 1179 (1952). 

8) Such phenomena are, for example, reviewed in, W. 
Klyne, ‘‘Progress in Stereochemistry”, Butterworths 
Scientific Publications, London (1954), p. 126. 


The carotenoids have hitherto been 
considered to belong’ exclusively to 
aliphatic or alicyclic compounds. There- 
fore it should be emphasized that the 
presence of a _ carotenoid containing 
aromatic structure in nature is established 
for the first time by the elucidation of 
the chemical constitution of isorenieratene. 

Isorenieratene can be regarded as com- 
posed of isoprene unites as indicated in 
Fig. 4, but it is also possible that the 
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Fig. 4. Isoprene residues in isorenieratene. 
pigment is formed from §-carotene by the 
migration of methyl groups of 1- and 
1’-position and following dehydrogenation, 
such the migration of methyl groups 
being considered to occur possibly through 
the process involving the oxidation of 2- 
and 2’-position, and the retropinacolinic 
rearrangement. However the clear indica- 
tion on the mode of formation of the 
pigment can not easily be given from our 
knowledge of carotenoid biogenesis. 


Experimental 


Isorenieratene prepared in the way described 
in the preceding papers'»» was employed. It 
formed purplish red needles, m. p. 199°. Absorp- 
tion maxima were 520, 484, 452my in carbon 
disulfide. 

Anal. Found: C, 90.93; H, 9.07 2%. 
CyoHas: C, 90.85; H, 9.15 %. 

The infrared spectrum.-—It was taken in 
a potassium bromide pellet, with a Perkin-Elmer 
21 double beam instrument equipped with a 
potassium bromide prism. It is given Fig. 2. 

Catalytic hydrogenation (method of Kuhn 
and Modller®).—Catalyst, platinum dioxide; 
solvent, decalin-acetic acid (1:1); test substance, 
sorbic acid. Found: 15.17, 15.18 moles of 
hydrogen. 

Isopropylidene group (method of Kuhn and 
Roth’®).—On ozonolysis isorenieratene (15.706 
mg.) gave acetone (0.081 mg.) after subtraction 
of blanc value. It corresponded to 0.05 mole 
of acetone per mole of the pigment. 

Side-chain methyl group (method of Kuhn 
and Roth'»).—Isorenieratene (4.390 mg. and 4.473 
mg.) gave volatile acid corresponding to 5.93 cc. 


Caled. for 


9) R. Kuhn and E. E. Miller, Angew. Chem., 47, 145 
(1934). 

10) R. Kuhn and H. Roth, Ber., 65, 1285 (1932). 

11) R. Kuhn and H. Roth, ibid., 66, 1274 (1933). 
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and 6.20cc. of 0.01N sodium hydroxide solution, 
which corresponded to 7.15 and 6.92 moles of 
acetic acid. 

Vitamine A _ activity.--Isorenieratene was 
examined for three groups of rats in daily doses 
of 57, 207 and 407 respectively. All the rats of 
these groups died within 38 days after decreases 
of 28, 26 and 30g. in body weight (average 
on the rats of each group). The rats of the 
group for the positive control for which 7; of 
f-carotene were applied in daily doses, gained 
33 g. on the average in body weight in 30 days. 

cis-trans Isomerization'™?.--The solution of 
isorenieratene (1.379 mg.) in benzene (25 cc.) was 
isomerized by exposure to scattered light for 30 
minutes after the addition of iodine (ca. 1.5% 
of the weight of the pigment), and the solution 
as well as the fresh solution was determined 
spectrophotoelectrically. The absorption curves 
are given by Fig. 1, which shows a marked 
cis-peak at 351 my: in the isomerized solution. 

Chromic acid oxidation.—-a) /sorenieral and 
2,3,6-trimethylbenzaldehyde. Isorenieratene (67 
mg.) was dissolved in a mixture of benzene 
(70 cc.) and acetic acid (70cc.) and each 10cc. 
portion of the solution (containing ca. 5mg. of 
the pigment) was oxidized with the mixture of 
the aqueous chromic acid solution (0.1N, 0.2 cc.) 
and acetic acid (2cc.) for ca. 10 seconds under 
vigorous stirring. The reaction mixture was 
poured into water (20 cc.) covered with petroleum 
ether (10cc.), and washed with water several 
times. The combined solution was dried with 
anhydrous sodium sulfate and chromatographed 
on alumina (developer; benzene). The main 
zone (brown red) afforded isorenieral (10.5 mg.), 
after elution and recrystallization of the residue 
of the eluate from petroleum ether. Isorenieral, 
m.p. 125~127°, mixed m.p. with the sample 
obtained from renieratene*?, 125~127°, gave 
absorption maxima, 486, 454my in petroleum 
hexane. 

Anal. Found: C, 87.48; H, 8.94%. Calcd. 
for CyoHje0: C, 87.33; H, 8.80%. Phenylhydra- 
zone melted at 206. One of the upper minor 
zones afforded a minute quantity of crocetin 
dialdehyde. 

From the faint colored part of the chromato- 
gram, between the zone of isorenieral and that 
of unchanged isorenieratene, yellow oily residue 
with characteristic odor was obtained by the 
evaporation of the eluate. The residue was 
dissolved in methanol (5cc.), and treated with 
an aqueous solution containing semicarbazide 
hydrochloride (20mg.) and sodium acetate 
(30 mg.). After 24 hours the solution was some- 
what concentrated and the precipitate was 
recrystallized from benzene in colorless prisms 
(4.4mg.,) m.p. 167°, mixed m.p. with 2,3,6- 
trimethylbenzaldehyde semicarbazone (described 
later), 167°. 

b) Crocetin dialdehyde. Isorenieratene (40 mg.) 
was oxidized with chromic acid (0.1N, 0.5cc. per 


12) L. Zechmeister and P. Tuzson, ibid., 72, 1340 (1935): 
L. Zechmeister and A. Polgar, J. Am. Chem. Soc., 65, 
1522 (1943). 
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5 mg. of the pigment). The procedure was the same 
as above except that the reaction time was for 
ca. one minute. The main zone of the chroma- 
tography of the product was orange red and 
it afforded crocetin dialdehyde, m.p. 189~190°, 
(3.1 mg.), mixed m.p. with the sample obtained 
from renieratene, 189~190°. Absorption maxima 
458, 430, 407 my (hexane). Crocetin dialdehyde 
was also obtained by the oxidation of isorenieral 
with chromic acid. 

Oxidation with potassium permanganate. 
--The solution of isorenieratene (69 mg.) in pure 
benzene (30cc.) and the solution of potassium 
permanganate (930mg.) and sodium carbonate 
(930 mg.) in water (35cc.) were mixed under 
vigorous stirring to form an emulsion at the 
room temperature and the stirring was continued 
for 12 hours. An excess of potassium permanga- 
nate was decolorized by the addition of the 
sodium sulfite solution. The mixture was filtered 
and the precipitate was repeatedly washed with 
hot water and benzene. In this way totally 
183mg. of the pigment was oxidized. All the 
filtrates and the washings were combined, and 
the aqueous layer was separated from the benzene 
layer (benzene solution A). The aqueous solution 
was concentrated under diminished pressure to 
ca. 10cc., acidified with 20% sulfuric acid, and 
extracted with ether. The ether solution was 
dried with anhydrous sodium sulfate and con- 
centrated, and the partly crystallized residue 
was extracted with benzene (5cc.) by refluxing 
for 5 minutes (benzene solution B). The residue 
was dissolved in a small quantity of water, and 
separated by fractional crystallizations into two 
parts: difficultly soluble colorless needles (15.5 
mg.) which melted at 231° without decomposition, 
and easily soluble colorless plates, m.p. 99 
(6 mg.). 

The acid of m.p. 99° melted at 188° when 
dried at 70° under 18mmHg for one hour. The 
mixed melting points with hydrated and an- 
hydrous oxalic acid were 99~100° and 188 
respectively. 

Anal. Found: C, 19.11; H, 5.05%. Caled. for 
C.H.O,-2H2O: C, 19.05; H, 4.80 %. 

The acid of m.p. 231° is moderately soluble in 
hot water and difficultly soluble in benzene and 
in petroleum benzine. 

Anal. Found: C, 61.65; H, 5.29%. Neutraliza- 
tion equivalent, 97.9. Calcd. for CyoHioO,4: C, 
61.85; H, 5.19%. Neutralization equivalent, 97.1 
(dibasic acid). 

The dibasic acid (7mg.) and that recovered 
from the neutralization experiment (ca. 3 mg.) 
were heated with potassium permanganate 
(43 mg.) and sodium carbonate (50 mg.) in water 
(4cc.) on a steam bath for 18 hours and then 
evaporated to ca. 0.5cc. The mixture was 
acidified with 20% sulfuric acid and manganese 
dioxide was dissolved by the addition of concen- 
trated sodium sulfite solution. The clear solution 
was then extracted eight times with ether (total 
150 cc.) and after drying with anhydrous sodium 
sulfate, ether was evaporated up. The residue 
was recrystallized from a small quantity of water 
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using a little active charcoal in colorless prisms 
(5.2 mg.), m.p. 215~238° (decomposition), which 
was identified to be 1,2,3,4-benzenetetracarboxylic 
acid by an analysis and a mixed melting point 
with the authentic sample®. 

Anal. Found: C, 47.73; H, 2.64%. Neutraliza- 
tion equivalent, 61.6. Calcd. for CyoHsgQO.: C, 
47.26; H, 2.38%. Neutralization equivalent, 63.5. 

The benzene solution (B) was concentrated 
under diminished pressure and the oily residue 
was extracted with petroleum benzine. Evapora- 
tion of the solvent of the extract gave a minute 
quantity of fine needles which was still con- 
taminated by oily substance (the needles 
showed a m.p. 65~72° after drying on a porous 
plate). It was neutralized with 0.01N sodium 
hydroxyde solution (2.642cc.) by the use of 
phenolphthalein, extracted with ether to remove 
phenolphthalein, evaporated to dryness and treated 
with p-phenylazophenacyl bromide! (8.2 mg.) in 
ethanol for 30 minutes on a steam bath. After 
evaporation of the solvent, the residue was once 
recrystallized from methanol and chromato- 
graphed on alumina from the benzene solution. 
The main orange red zone afforded a minute 
quantity of red needles, m.p. 163°. A mixed 
m.p. 163° and a mixed chromatography with the 
authentic sample of p-phenylazophenacy!]-2, 3, 6- 
trimethylbenzoate (Red needles, m.p. 163. 
Anal. Found: C, 74.61; H, 5.84%. Calcd. for 
Co4H2203N2: C, 74.59; H, 5.73%. The acid was 
prepared from pseudocumene-3-magnesium 
bromide by the introduction of carbon dioxide at 
—7° in 55% yield'*.) proved their identity. 

The benzene solution (A) was evaporated up 
under reduced pressure and the residue was 
dissolved in methanol (5cc.) and treated with 
the solution of semicarbazide hydrochloride 
(20 mg.) and sodium acetate (30 mg.) in a little 
water. The solvent was somewhat concentrated 
and the precipitate was recrystallized twice from 
benzene-methanol in colorless prisms, m. p. 
149~154° (13 mg.). As it seemed still impure, it 
was converted into 2, 4-dinitrophenylhydrazone 
in ethanol containing a little sulfuric acid by the 
addition of 2,4-dinitrophenylhydrazine, and 
chromatographed on alumina from a_ benzene 
solution. The main orange zone gave pure 2, 4- 
dinitrophenylhydrazone, m.p. 219°, (8.5 mg.), in 
deep red fine needles, when recrystallized from 
benzene-methanol. From the mother liquor of 
recrystallization of the above semicarbazone, 
3.2mg. of the hydrazone was further obtained. 
The mixed m.p. with 2,3,6-trimethylbenz- 
aldehyde-2, 4-dinitrophenylhydrazone was 219°. 

Anal. Found: C, 58.83; H, 4.99%. Calcd. 
for CigHieO,Ny: C, 58.53; H, 4.91 %. 

2,4-Dimethylbenzene-1,3-dicarboxylic acid. 
—2,3,6-Trimethylbenzoic acid (165 mg.), potas- 


13) S. Masuyama, J. Chem. Soc. Japan, Pure Chem. 
Sec. (Nippon Kagaku Zassi), 71, 402 (1950). 

14) H. A. Smith and J. A. Stanfield, J. Am. Chem. 
Soc., 71, 81 (1949). 
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sium permanganate (590 mg.) and sodium car- 
bonate (590 mg.) in water (25cc.) were vigorously 
stirred at an ordinary temperature for 10 hours. 
The mixture was then filtered, and the filtrate, 
combined with washings, was concentrated to 
5cc. and acidified with 20% sulfuric acid. The 
precipitate and the residue of the ether extract 
of the mother liquor were combined and re- 
crystallized twice from water in colorless needles 
of m.p. 231° (90 mg.). 

Anal. Found: C, 61.69; H, 5.31%. Neutraliza- 
tion equivalent, 98.1. Calcd. for CyoH;oO4: C, 
61.85; H, 5.19%. Neutralization equivalent, 97.1. 
The acid gave 1, 2,3,4-benzenetetracarboxylic 
acid on oxidation with potassium permanganate. 

2,3,6-Trimethylbenzaldehyde.—Ethy]! ortho- 
formate (12 g.) and the Grignard reagent, prepared 
from 3-bromopseudocumene (16 g.) and magnesium 
(2g.) in ether (80cc.) was gently boiled for 40 
minutes. The ether was then distilled off, and 
after the violent reaction with foaming [a large 
flask (500cc.) was employed to avoid the over- 
flowing] was subsided, which took place when 
the temperature of the water bath reached to 
70~80°, the mixture was heated on a steam 
bath for further 20 minutes. The product was 
then decomposed with dilute sulfuric acid, the 
oil separated was hydrolysed by boiling with 
20% hydrochloric acid and was treated in 
methanol (50cc.) with semicarbazide hydro- 
chloride (12g.) and sodium acetate (20g.) in 
water (20cc.). The precipitate was filtered, 
washed successively with petroleum ether and 
with water, and recrystallized from benzene- 
methanol in colorless plates (10.5g.), m.p. 167°. 

Anal. Found: C, 64.54; H, 7.51%. Caled. 
for C,,H,;;ON;: C, 64.36; H, 7.37 %. 

The free aldehyde was obtained by the steam 
distillation of the semicarbazone with 20% 
sulfuric acid. B.p. 137~138° (30mmHg); 7g. 
2,4-Dinitrophenylhydrazone, red needles, m. p. 
219°. 

Anal. Found: C, 58.86; H, 5.07%. Calcd. 
for CygHigO,4Ny: C, 58.53; H, 4.91 %. 
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The Addition Compounds of Bis-Salicylaldehyde Copper(II) and 
its Derivatives with Pyridine, and a, a'-Dipyridyl 


By Yoneichiro Muto 


(Received June 5, 1957) 


Recently, a few compounds have been 
reported in which the copper(II) atom 
appears to be five-coordinate” or six-coor- 
dinate” in the solid state, although the 
copper(II) ion is normally reluctant to 
raise its coordination number of four. 
On the other hand, it is well known that 
inner complexes of four-coordinated nickel 
(II) add two molecules of pyridine to form 
six-coordinated nickel(II) complexes®~». 
For example, bis-pyridine-bis-salicylalde- 
hyde nickel(II) was isolated crystalline 
from pyridine solution of bis-salicylalde- 
hyde nickel(II)». Therefore, it is interest- 
ing to see whether or not inner complexes 
of four-coordinated copper(II) form addi- 
tion compounds with pyridine in a similar 
manner to nickel(II) complexes. Also, a, 
a'-dipyridyl presumably forms a more 
stable coordination compound than does 
pyridine, because chelation greatly en- 
hances coordination. Accordingly, the 
present writer has undertaken to examine 
whether __ bis-salicylaldehyde copper(II) 
and its derivatives form addition com- 
pounds with pyridine or a, a'-dipyridyl. 
In several instances, it was possible to 
isolate well-defined crystalline compounds 
containing two molecules of pyridine or 
one molecule of a,a’-dipyridyl having 
formula I. 


x 
( ZN _o 
y—| |-cuo 


Y 
I 


Cu-2 py or dip 


7 \-2 —_ a 
y— (CH—N u-2py or dip 
VY Cc \ 
7 
II 
(X: H, NOz; YY: H, Br, NOs: py: 
Pyridine; dip: a,a'-Dipyridyl; R: 


C.H;, CH3C.H,). 
1) D. E. C. Corbridge and E. G. Cox, J. Chem. Soc., 


1956, 594. 
2) S. Kirschner, J. Am. Chem. Soc., 78, 2372 (1956). 


They are soluble in organic solvents and 
insoluble in water, except a, a'-dipyridyl-3- 
nitrosalicylaldehyde copper(II). All of 
the addition compounds with pyridine lost 
the pyridine on heating in ethanol or in 
benzene, leading to the precipitation of 
bis-salicylaldehyde copper(II) or its deri- 
vatives, while several addition compounds 
with a, a'-dipyridyl produced a, a’-dipyri- 
dyl-copper(II)-mono-salicylate and _ its 
derivatives (formula III) on heating their 
ethanolic or pyridine solutions. The above 
result showed that the aldehyde group 
was oxidized to a carboxyl group. 





7N—0, A/ 
Y- 7 coo’ ) 
VY 


Ill 
(Y: H, Cl, Br, NQOs».) 


Further, it was possible to isolate several 
addition compounds of substituted bis- 
salicylaldimine complexes of copper(II) 
with pyridine or a,a’-dipyridyl (formula 
Il). They lost pyridine or a, a'-dipyridyl 
on heating in organic solvents. 

An analogous addition reaction has been 
reported by Dwyer” who found that bis- 
diazoaminobenzene copper(II) added two 
molecules of pyridine or one molecule of 
ethylenediamine. Ley and Wingner” found 
that bis-glycine copper(II) added two 
molecules of ammonia. These investiga- 
tors considered that the chelate rings were 
broken and these addition compounds of 
copper(II) were four-coordinate®*™*. 

There are studies by several investigators 
that copper(II) can form complexes with 


3) P. Pfeiffer, E. Bucholtz and O. Bauer, J. prakt. 
Chem., 129, 63 (1931). 

4) F. P. Dwyer and D. P. Meller, J. Am. Chem. Soc., 
63, 81 (1941). 

5) F. Basolo and W. R. Matoush, ibid., 75, 5663 (1953). 

6) F. P. Dwyer, ibid. G3, 78 (1941). 

7) H. Ley and G. Wingner, Z. Electrochemie., 11, 
584 (1905). 

8) H. Ley, Ber., 42, 354 (1909). 
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The Addition Compounds of Bis-Salicylaldehyde Copper(II) and 57 


its Derivatives with Pyridine, and a, a'-Dipyridyl 


coordination number higher than four”. 
Recently Kirschner” has shown by infrared 
and rotatory dispersion studies that cop- 
per(II) ethylenediaminetetra-acetate and 
copper(II) bis-aspartate are six-coordinate. 
Although these addition compounds of 
copper(II) studied in the present report 
may be six-coordinate, it seems more like- 
ly that they are four-coordinate in view 
of the comparative rarity of copper(II) 
complexes with a higher coordination 
number and the lack of experimental data 
on these addition compounds by physical 
means such as infrared spectroscopy. 


Experimental 


(A) Preparation of bis-salicylaldehyde 
copper(II) and its derivatives.—These com- 
plexes were obtained by the addition of aqueous 
solution of cupric acetate to the ethanolic solu- 
tion of salicylaldehyde or its derivatives in the 
usual way as reported in the literature. 

(B) Preparation of addition compounds 
with pyridine.—They were obtained by dissolv- 
ing complexes prepared in (A) in cold pyridine 
and by precipitating with cold water. They 
were purified by recrystallization from pyridine. 
Bis-5-chlorosalicylaldehyde copper(II) and bis-5- 
bromosalicylaldehyde copper(II) did not form 
addition cor-pounds with pyridine. 

1. Bis-pyridine-bis-5 - bromo-3 -nitrosalicylalde- 
hyde copper(II).—Light green prismatic crystals 
which loss pyridine at about 110°C. 

Anal. Found: C. 40.64; H, 2.52; N, 8.15; Cu, 
8.74; pyridine, 22.31. Calcd. for C,,HeO,NoBr2Cu- 
2C;H;N: C, 40.50; H, 2.27; N, 7.87; Cu, 8.93; 
pyridine 22.23%. 

2. Bis-pyridine-bis-3-nitrosalicylaldehyde copper 
(I). Yellow green prismatic crystals which 
loss pyridine at about 90°~100°C. 

Anal. Found: N, 10.38; Cu, 11.24; pyridine, 
28.46. Calcd. for C;s,HsO0,;N2.Cu-2C;H;N: N, 10.12; 
Cu, 11.47; pyridine, 28.56%. 

3. Bis-pyridine-bis-5-nitrosalicylaldehyde copper 
(II).—-Deep green prismatic crystals which loss 


H;Ce¢ CeHs H;Ces py CyH 
\ r \ 4 
N N N ; N 
Ys % a nf 
I Cu N + 2py > N Cu N 
Ps * Vi % P . 
N N N | N 
cae > - ; My 
HsC¢ C.H; H;C, py C.Hs 


(py: pyridine) 


’ H, NH; H, 
coo ch, coo N—CH, 
Cu + 2NH; > Cu 
"a oe 
H-C-N ‘OOC H.C—N * °OOC 
H, H, NH; 


9) F. Rosenblatt, Z. anorg. Chem., 204, 351 (1932); H. 
Laitinen, E. Onstott, J. Bailar, Jr.,and S. Swann, J. Am. 
Chem. Soc., 71, 1550 (1949); F. Basolo, Y. T. Chen and 
R. K. Murmann, ibid., 76, 955 (1954); N. R. Davies and 
F. P. Dwyer, J. Proc. Roy. Soc. N. S. W., 86, 64 (1954) 
etc. 


pyridine slowly at about 40°~50°C. 

Anal. Found: N, 10.13; Cu, 11.25; pyridine, 
28.15. Caled. for CyHsOgN2Cu-2C;H;N: N, 10.12; 
Cu, 11.47; pyridine, 28.56%. 

4. Bis-pyridine-bis-salicylaldehyde copper (II). 
—Light green prismatic crystals which loss pyri- 
dine slowly at room temperature. Therefore, 
the analysis was performed without delay after 


preparation. 
Anal. Found: N, 5.93; Cu, 13.72; pyridine, 
33.87. Caled. for Cy4HypO,Cu-2C;H;N: N, 6.09; 


Cu, 13.82; pyridine, 34.10%. 

5. Bis-pyridine-bis-salicylal-aniline copper (II). 
—Light green prismatic crystals which lose 
pyridine slowly at room temperature. 

Anal. Found: N, 9.20; Cu, 10.36; pyridine, 
25.58. Calcd. for CogH2ap9O2NeCu-2C;H;N: N, 9.12; 
Cu, 10.34; pyridine, 25.76%. 

6. Bis- pyridine - bis -5-bromo-3-nitvosalicylal- 
toluidine copper (II).—Green prismatic crystals. 


Anal. Found: N, 9.18; Cu, 7.18; pyridine, 
17.67. Caled. for CssHaOgsNsBreCu-2C;H;N: N, 


9.44; Cu, 7.14; pyridine, 17.77%. 

(C) Preparation of addition compounds 
with a, a'-dipyridyl.—The addition compounds 
with a, a'-dipyridyl were obtained by dissolving 
the calculated amount of a, a'-dipyridyl and com- 
plexes prepared in (A) in cold pyridine or in 
ethanol and by precipitating with cold water. 
They were purified by recrystallization from 
pyridine without heating. Bis-5-chlorosalicylal- 
dehyde copper(II) did not form an addition com- 


“ pound and readily gave an oxidized compound 


directly. 

1. a,a'-Dipyridyl-bis-salicylaldehyde Cu(II) .— 
Brown prismatic crystals. This compound was 
decomposed with dilute sulfuric acid and then 
subjected to steam distillation. Salicylaldehyde 
in the distillate was identified by its 2, 4-dinitro- 
phenylhydrazone which melted at 247°~248°C. 

Anal. Found: C, 40.70; H, 2.12; N, 6.03; Cu, 
13.81. Caled. for CygHipOsCu-CyyHsNe: C, 40.61; 
H, 1.99; N, 6.07; Cu, 13.75%. 

2. a,a'- Dipyridyl - bis-5 - bromosalicylaldehyde 
copper (II).—Greenish yellow prismatic crystals. 

Anal. Found: N, 4.61; Cu, 10.03, Caled, for 
C,,HsO,Br2Cu-CjpHsNe2: N, 4.52; Cu, 10.25%. 

3. a,a’-Dipyridyl - bis - 5 - nitrosalicylaldehyde 
copper(II).—Light green prismatic crystals. 

Anal. Found: N, 10.27; Cu, 11.73. Calcd. for 
C,4H,Og,NoCu-CiypHgNe2: N, 10.15; Cu, 11.51%. 

4. a,a'-Dipyridyl-bis-5-bromo -3-nitrosalicylal- 
dehyde copper(II).—Yellow-green prismatic cry- 
stals. When this complex was decomposed by 
dilute sulfuric acid and the solution was extracted 
with ether, light yellow needle crystals of 5-bromo- 
3-nitrosalicyaldehyde melting at 147°~148°C were 
obtained. 

Anal. Found: N, 8.05, Cu, 8.88. Calcd. for 
Cy4HeOsN2BreCu-CyHsNe: N, 7.90; Cu 8.95%. 

5. a, a'- Dipyridyl-bis - 3 - nitrosalicylaldehyde 
copper (II).—Yellow-brown crystals. This com- 
plex was insoluble in alcohol, but was soluble in 
cold water to a certainextent. It could not be 
oxidized. 
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Anal. Found: N, 10.16; Cu, 11.36. Calcd. for 
C,,HsO,N2Cu-CipHaNe: N, 10.15; Cu, 11.51%. 

6. a,a'-Dipyridyl-bis - salicylal-aniline copper 
(II) .—Green prismatic crystals. 

Anal. Found: N, 9.31; Cu, 10.44. Caled. for 
CogHopO2NoCu-CioHsNe: N, 9.15; Cu, 10.38%. 

7. a,a'-Dipyridyl-bis-5-bromo- 3 -nitrosalicylal- 
aniline copper (II) .—Red-brown prismatic crystals. 

Anal. Found: N, 9.67; Cu, 7.52. Caled. for 
C.¢H;,OgN,sBroCu-CioHsN2: N, 9.77; Cu, 7.39%. 

(D) Oxidation of a,a'-dipyridyl com- 
plexes.—When the addition compounds with a, 
a'-dipyridyl were dissolved in ethanol or pyridine, 
heated on a water bath for about half an hour, 
and precipitated with water, gray needles of 
a, a'-dipyridyl copper(II)-monosalicylate and its 
derivatives were obtained. The pure complexes 
were obtained by recrystallization from ethanol. 
When these complexes were decomposed with 
dilute sulfuric acid and were distilled in steam or 
extracted with ether, salicylic acid and its deriva- 
tives were obtained, and a, a'-dipyridyl-copper 
(II) -sulfate was isolated from the residue. 

1. a,a'-Dipyridyl-copper (II) -monosalicylate. -— 
Gray needles which melt at 262°~263°C with 
decomposition. 


Anal. (the sample obtained by oxidation) 
Found: C, 53.16; H, 4.06; N, 7.46; Cu, 16.83. 
Caled. for C;H,O,;Cu-CioHsNe-1.5 HO: C, 53.33; 


H, 3.95; N, 7.32; Cu, 16.60%. 

The complex obtained by heating a calculated 
amount of copper(II)-monosalicylate and a, a’- 
dipyridyl in ethanol, showed nearly the same 
m. p. (262°~263°C) and analytical result as the 
complex obtained by oxidation of a, a'-dipyridyl- 
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bis-salicylaldehyde copper(II). Therefore, it was 
concluded that the structure of this compound 
corresponded to the formula III. 

Anal. Found: N, 7.59; Cu, 16.77%. 

2. a, a'-Dipyridyl-copper(I1) - mono - 5 - bromo- 
salicylate.—Green needles. 

Anal. Found: N, 5.85; Cu, 13.79; H.O, 7.48. 
Caled. for C;H;0;BrCu-C,HsN2.-2H20: N, 6.08; 
Cu, 13.36: HO, 7.61%. 

3. a, a'-Dipyridyl-copper(I1) -mono-5-niirosali- 
cylate.—Gray needles. 

Anal. Found: N, 10.36; Cu, 15.84. Calcd. for 
C;H;0;N-Cu-CyHsNe: N, 10.48; Cu, 15.85%. 

4. a,a'-Dipyridyl-copper(II)- mono - 5 - chloro- 
salicylate.—Gray needles. 

Anal. Found: N, 6.88; Cu, 14.76; H.O, 8.50. 
Caled. for C;H;0;CICu-C,HsN2-2H:O: N, 6.64; 
Cu, 14.90; H.O, 8.41%. 

5. Oxidation product of a, a'-dipyridyl-bis-5- 
bromo-3-nitrosalicylaldehyde copper(II).— When 
the complex which was obtained by oxidation of 
a, a'-dipyridyl-bis-5- bromo-3 - nitrosalicylaldehyde 
copper(II) was decomposed with dilute sulfuric 
acid and the decomposition product was extracted 
with ether, white needle crystals were obtained. 
When this compound was recrystallized from 
dilute sulfuric acid, colorless needle crystals 
melting at 216.5°~217.5°C were obtained. This 
compound was not 5-bromo-3-nitrosalicylic acid 
or its aldehyde, and its constitution is not yet 
elucidated. 
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Dispersed Structure of Chromia-Zinc Oxide Catalyst System 


By Yoshio MATSUNAGA 


(Received August 7, 1957) 


In the previous paper” the author has 
reported the correlation between the 
degree of dispersion of chromia which is 
supported on alumina and its stability 
towards oxidation at various temperatures. 
In the extreme case where chromium ions 
are in two-dimensional infinite dilution, it 
has been revealed that chromium can be 
oxidized completely to the hexavalent 
state, contrary to our knowledge of the 
thermal decomposition of chromic an- 
hydride. This anomalous stability of the 
higher oxide on the surface of alumina 
has been explained nearly quantitatively 
by the relative importance of surface 


1) Y. Matsunaga, This Bulletin, 30, 984 (1957). 


oxidation of chromia. Therefore, the 
determination of mean oxidation number 
of chromiuin in the oxidized chromia- 
alumina catalysts might be useful in the 
same way as the susceptibility isotherm 
method” to deduce the dispersed structure 
of supported chromia. 

The magnetic method developed by 
Selwood was applied by Shida and his 
collaborators” to the chromia-zinc oxide 
catalysts prepared by the impregnation 
method. They found that chromic ions 


2) R. P. Eischens and P. W. Selwood, J. Am. Chem. 
Soc., GO, 1590, 2693 (1947). 

3) S. Shida et al, Abstracts of the paper presented at 
the Annual Meeting of the Chemical Society of Japan, 
April 1954. 
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are dispersed more highly than in the 
chromia-alumina system and attributed 
this distinction to the three-dimensional 
dispersion of a part of the chromic ions 
associated with the formation of zinc 
chromate in the process of impregnation. 
The form of the susceptibility isotherm 
is concerned not only with the dispersed 
structure of chromia on the catalyst 
surface but also with the three-dimen- 
sional dispersion, so it seems to be difficult 
to deduce the structure of chromia in this 
catalyst system by the magnetic method 
alone. On the other hand, however, our 
chemical method described in the previous 
paper gives a measure of surface area of 
chromia; namely, it is concerned with 
the two-dimensional dispersed structure. 
Hence for the purpose of elucidating the 
structure of the chromia-zinc oxide catalyst 
more fully, the application of these two 
methods was extended to this catalyst 
system. 


Experimental 


Preparation of Catalysts.— Zinc oxide used 
in this work was prepared by a method similar 
to that described in our previous work on its 
diamagnetism®. After zinc sulfate solution had 
been carefu‘:y purified, the oxalate was precipi- 
tated, filtered and dried at 110°C. Non-sintered 
zinc oxide was prepared by the calcination of 
oxalate at 450 C for six hours and a sintered 
sample was obtained by heating at 850°C for 
three hours. The magnetic susceptibilitiy of both 
materials was found to be —0.33~10-® and was 
independent of magnetic field strength. 

Catalyst samples were prepared by the impreg- 
nation method in the similar way as in the case 
where alumina was used as a carrier. Instead 
of chromic acid solution ammonium bichromate 
solution was employed for this purpose because 
Shida et al. claimed that the latter is more 
suitable for achieving two-dimensional dispersion 
of chromia on the surface of zinc oxide. The 
samples with chromium content from about 1 to 
17 per cent. were obtained by varying the con- 
centration of the ammonium bichromate solution. 
The conditions of drying and reduction of the 
catalysts and the method of determination of the 
chromium content were the same as those used 
in the case of the chromia-alumina catalyst 
system. 

Oxygen Treatment.—-The reduced catalysts 
were cooled in a stream of hydrogen, then 
oxidized with air at room temperature. Further 
oxidations were carried out in a stream of 
oxygen for five hours at 250° and 450°C. The 
oxidation number of chromium in these oxidized 
catalysts was determined iodometrically. 

Magnetic Measurements.—Measurements of 


4) Y. Matsunaga, This Bulletin, 30, 680 (1957). 
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the susceptibilities of catalyst samples were made 
at room temperature using a Gouy balance as 
previously described». The field was calibrated 
at two constant current strengths with distilled 
water, and the field strength dependence of 
susceptibility was examined. No ferromagnetic 
effect, however, was found in any sample. 

The gram susceptibility of the chromium ion 
was calculated on the assumption that the 
magnetic contribution of chromium, zinc, and 
oxygen ions are additive, and that of the last 
two is independent of the concentration of any 
constituent. This assumption seems to be justified 
by the fact that the change in concentration of 
lattice defect has no measurable effect on the 
diamagnetism of zine oxide‘. 


Results 


The series in which non-sintered zinc 
oxide is used as a carrier will be con- 
sidered at first. In Fig. 1 the mean 
oxidation number of chromium is plotted 
against its content. The value in the 
samples oxidized at room temperature is 
less than 3.1 in the whole range of chro- 
mium content. The degree of oxidation 
state reached by the treatment at higher 
temperature is appreciably smaller than 
that in the chromia-alumina_ catalyst 
similarly treated; besides, the forms of 
curves in these two catalyst systems are 


* quite different. 


The susceptibility per gram of chro- 
mium derived by direct application of an 
additivity rule is graphically shown in 
Fig. 2. In this figure the dissimilarity 
between the kinds of behavior of chromium 
in two systems, in which alumina and zinc 
oxide respectively are used as carrier, is 
more remarkable. For example, in the 
samples oxidized at room temperature, the 
susceptibility of chromium supported on 
alumina is markedly dependent on its 
content and the relation between these 


two variables gives information with 
regard to the dispersed structure of 
chromia. But in the case presented in 


this paper, its magnitude is constant 
regardless of the content of chromium, 
and we can not deduce a definite conclu- 
sion from these results. The susceptibility 
of chromium in the series oxidized at 
higher temperatures decreases as_ the 
content of chromium is decreased. 
Similar data for the second series, in 
which sintered zinc oxide is used as the 
carrier, are shown in Figs. 3 and 4. The 
susceptibility of chromium in the series 
oxidized at room temperature shows a 


5) H. Akamatu and Y. Matsunaga, ibid., 26, 364 (1953). 
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Fig. 1. Relation of oxidation number of 
chromium supported on non-sintered 
zine oxide to its content. 

A; oxidized at room temperature, 
B; at 250°C, C; at 450°C. 
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Fig. 2. Susceptibility-composition isotherms 
of chromia impregnated on non-sintered 
zine oxide. 
A; oxidized at room temperature, 
B; at 250°C, C; at 450°C. 


slight increase as its content decreases, 
and the value extrapolated to infinite 
dilution of chromia seems to be somewhat 
greater than that found in the first series. 
The dependencies of susceptibility and 
oxidation number in the series treated at 
higher temperature on the variation of 
the chromium content are less appreciable 
than those in the first series. 


Discussion 


According to the results given by Shida 
et al., the susceptibility of chromium (7%) 
in the present oxide-catalyst system fol- 
lows the Curie-Weiss law expressed by 

4=C/(T+4) 
where C, 4 are the Curie and the Weiss 


[Vol. 31, No. 1 


constants, and 7 is the absolute tempera- 
ture. The Curie constant relates to the 
number of unpaired electrons in a para- 
magnetic ion, namely the oxidation number 
of chromium in this case, and the mag- 
nitude of the Weiss constant increases in 
proportional to the number of equidistant 
neighboring chromium ions as expressed 
by the formula, 


A= -—2JzS(S+1)/3k, 


where J is the exchange integral, z the 
number of equidistant neighboring chro- 
mium ions, S the vector sum of spin 
moments, and k& the Boltzmann constant. 

The susceptibility and the mean oxida- 
tion number of chromium for the samples 
of the first series oxidized at room tem- 
perature are independent of the composi- 
tion of the catalyst. The moment of chro- 
mium ion is 3.8 Bohr magnetons at infinite 
magnetic dilution and the susceptibility 
value is about 115x10~° at the temperature 
of measurement”. Therefore, we can 
conclude that z is appreciably great and 
constant throughout the measured range 
of chromium content. It must be nine at 
the maximum value in massive chromia, 
and may decrease as the crystallite size 
of chromia decreases or as the neighboring 
chromic ion is displaced by a diamagnetic 
ion. The former case was found in the 
chromia-alumina catalyst system and dis- 
cussed in detail by Eischens and Selwood. 
Furthermore, we have presumed that the 
anomalous oxidation of supported chromia 
is in close relation with the value of z and 
confirmed Selwood and Eischens’ conclu- 
sion from this standpoint. The magnitude 
of z in the present catalyst system may 
be about five to six judging from the 
susceptibility value of chromium. If we 
wish to interpret this decrease of z by the 
shrinkage of the crystal nuclei of chromia, 
they must be, on the average, about three 
layers thick, regardless of the content of 
chromium. The mean oxidation number 
of chromium in such a case must be +3.6 
or more as expressed in our previous 
paper” when the samples are oxidized at 
higher temperatures. Besides, it must be 
constant throughout the whole range of 
chromium content. As shown in Fig. 1, 
however, such an increase in oxidation 
number is achieved only in the samples 
which contain less than four per cent. of 
chromium. 


6) P. W. Selwood, L. Lyon and M. Ellis, J. Ayn. Chern. 
Soc., 73, 2310 (1951). 
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In the present catalyst system, the 
displacement of a neighboring chromic ion 
by a diamagnetic zinc ion must also be 
considered. It seems highly likely that in 
the process of impregnation, basic zinc 
chromate is formed and, after heating and 
reduction, most of it is converted into zinc 
chromite and a small proportion of chromic 
ions are dissolved in the carrier. The 
estimated value of z seems to be consistent 
with this model, if the crystal nuclei of zinc 
chromite are so large that the effect on 
the magnitude of z of chromic ions 
situated on the surface can be left out of 
consideration even in the catalyst which 
contains only two per cent. chromium. 
However, such a large crystallite of zinc 
chromite can not be oxidized appreciably 
and this model is inconsistent with the 
apprecible oxidation appearing in the low 
content range of chromium. Thus it is 
suggested that the dependence of the 
oxidation number of chromium on the 
composition of the catalyst is not explain- 
able without the combination of these 
two models mentioned above, namely the 
thin crystal nuclei of supported chromia 
and the relatively large crystallites of 
zinc chromite. In the catalyst samples 
containing a small amount of chromium, 


the promoter may be mainly in the form ° 


of a thin layer of chromia which must be 
responsible for the high surface oxidation. 
As the content of chromium is increased, 
the crystallites of zinc chromite appear 
and the surface oxidation of the chromia 
layer becomes less important. 

We have shown in the previous paper 
that the chemical method developed by us 
gives no more information on the dispersed 
structure of chromia than that given by 
the susceptibility isotherm method if the 
promoter is situated only on the surface 
of the carrier. However, as described in 
the above paragraphs these two methods 
are complementary to each other in the 
present system so we can clarify more 
fully the structure of the catalyst by using 
both methods. 


In the second series, the carrier is more 
or less compact as the result of being 
heated at higher temperature and may be 
less reactive than the non-sintered one. 
Consequently, the reaction between 
adsorbed chromate ion and zinc oxide 
becomes rather difficult and the crystal 
nuclei of chromia grow more easily on 
the surface of the carrier. The slight 
decrease in susceptibility of a chromic 
ion accompanying its increasing concentra- 
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Fig. 3. Relation of oxidation number of 
chromium supported on sintered zinc 
oxide to its content. 

A; oxidized at room temperature, 
B; at 250°C, C; at 450°C. 
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Fig. 4. Susceptibility-composition isotherms 
of chromia impregnated on sintered zinc 
oxide. 

A; oxidized at room temperature, 
B; at 250°C, C; at 450°C. 


tion in the catalyst must be attributed to 
this crystal growth. It seems to be con- 
sistent with this expectation that the 
chromic ion in this series is less active 
towards oxidation. 

The cause of discrepancy between the 
forms of the susceptibility-composition iso- 
therms reported by Shida et al. and by us 
is not yet accounted for. However, it 
appears that chromia-zinc oxide catalysts 
prepared by the impregnation method 
consist of zinc oxide, relatively large 
crystallites of zinc chromite, and a thin 
layer of supported chromia. If the carrier 
is less reactive than our sintered zinc oxide, 
the content dependence of susceptibility 
of chromium will resemble much more 
that found in the chromia-alumina catalyst 
system. This is probably due to the 
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fact that chromia arises from the chromate 
ion adsorbed on the carrier but not com- 
bined with it throughout the processes of 
preparation, i.e. impregnation, drying, 
and heat treatment. The reactivity of 
zinc oxide depends on its state of subdivi- 
sion and the degree of crystallinity as seen 
by comparison between our two cases. 
Moreover, it is expected to depend on the 
type and the concentration of lattice 
defects contained in the material because 
these factors govern the diffusion process 
by which reaction proceeds. For this 
reason the effect of impurity in zinc oxide 
must be one of the important causes which 
determine the structure of this catalyst 
system. 


Summary 


Chromia-zine oxide catalysts have been 
prepared by the impregnation method 
using non-sintered and sintered zinc oxide 
as carriers. Measurements of magnetic 
susceptibility have been made for these 
two series of catalysts of varying composi- 
tion. The values of gram _ susceptibility 
and the mean oxidation number of chro- 
mium in the samples oxidized with air 
at room temperature are nearly inde- 
pendent of the content of chromium. 
After oxygen-treatment at 250° or 450°C 
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has been carried out, however, the surface 
oxidation becomes appreciable in the 
samples of low content of chromium, and 
the variations in the susceptibility and 
the mean oxidation number suggest that 
the dispersed structure of chromia depends 
on the composition of the catalyst. It 
appears that chromic ions are distributed 
in the two compounds, namely the thin 
layers of chromia on the catalyst surface 
and the relatively large crystallites of zinc 
chromite and, as the chromium content is 
decreased, the former becomes more impor- 
tant. By comparison between the two 
series examined in the present work, it is 
suggested that the form of the magnetic 
susceptibility-composition isotherm is go- 
verned by the reactivity of the carrier 
and the cause of the discrepancy between 
the results obtained by Shida et al and 
by us may be due to the difference 
between the kinds of chemical behavior 
of the zinc oxides employed as carrier. 


The author wishes to express his hearty 
thanks to Professor H. Akamatu for his 
kind direction. 
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Irreversible Photobleaching of the Solution of Fluorescent Dyes. V. 
Photobleaching of Erythrosin* 


By Masashi IMAMURA 


(Received October 2, 1957) 


In the first paper of this series’, photo- 
bleaching of uranin (sodium fluoresceinate) 
and its halogenated derivatives, eosin and 
erythrosin, was investigated in the aqueous 
solutions; further studies were made on 
the photobleaching of eosin in alcoholic 
solutions in the presence of air’ and in 
vacuo’. For eosin, its long-lived species 


Presented at the 10th Annual Meeting of the 
Chemical Society of Japan, Tokyo, April 5, 1957. 

1) M. Imamura and M. Koizumi, This Bulletin, 28, 
117 (1955); M. Imamura, J. Inst. Polytech. Osaka City 
Univ., 5C, 85 (1956). 

2) M. Imamura, This Bulletin, 30, 249 (1957). 

3) M. Imamura and M. Koizumi, ibid., 29, 899 (1956). 

4) M. Imamura and M. Koizumi, ibid., 29, 913 (1956). 


(in the excited triplet state) participates 
in the primary acts: formation of labile 
complex with oxygen in the presence of 
air and dehydrogenation from alcohol in 
vacuo. 

Recently, Oster and Adelman’*™ declared 
that, in the photoreduction of fluorescein- 
type dyes with ascorbic acid, these dyes 
behave similarly. But the data on the 
effect of oxygen pressure upon the rate 
of photobleaching in the aqueous solution” 


5) G. Oster and A. H. Adelman, J. Am. Chem. Soc., 
78, 913 (1956). 
6) A. H. Adelman and G. Oster, ibid., 78, 3977 (1956). 
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suggests that, although erythrosin exhibits 
behavior similar to eosin, uranin is not 
quite similar®. This paper comprises a 
study of photobleaching reactions of 
erythrosin taking place in the aqueous 
and in the aqueous alcoholic solutions. 


--Experimental 


Materials.—. Merck Co. Erythrosin was used 
as in paper ID. Alcohols were purified by the 
usual methods». Doubly distilled water was 
used in all mixtures. 

Procedures.—The methods and the procedures 
were almost identical with those described pre- 
viously!»3,,. A reaction cell was a cylindrical 
one to which an absorption cell (lem x 1emx5cm) 
was attached. Cells were made of glass. Dye 
concentration was determined from the absorp- 
tion spectra or colorimetrically by using an 
interference filter or a gelatin filter of a narrow 
band. Absorption spectra were measured with 
the Beckman Spectrophotometer DU. Concentra- 
tion of erythrosin used was 10-5 mole/l. through- 
out the experiments. 

Analysis was made on aldehyde with Tollens’ 
reagent and with fuchsin-sulfurous acid”. 
Changes in pH were examined spectrophoto- 
metrically by using some usual acid-base 
indicators. Acetone was examined either spectro- 
photometrically or with sodium nitroprussate™. 


Results 


1. Photobleaching of Aerobic Aqueous 
Solutions.—All the data on the photo- 
bleaching of aerobic aqueous erythrosin 
solutions were reported in paper I. The 
quantum yields of photobleaching of 
erythrosin were much greater than those 
of eosin. For example, the quantum yield, 
k, was 3.7x10-‘ for erythrosin, whereas 
1.8x10-* for eosin, at 20°C; the energies 
of activation were 5 and 6 kcal/mole, 
respectively. 

2. Retarding Effect of Alcohols on 
the Aerobic Photobleaching.—As in the 
case of eosin’, methanol, ethanol and 
isopropanol retarded the aerobic photo- 
bleaching of the aqueous’ erythrosin 
solutions. The absorption spectrum of 
erythrosin in the aqueous solution had 
its maximum optical density at the wave- 
length of 524myv at room temperature. 
By addition of alcohol to the system, the 
peak wavelength shifted for the longer 
wavelengths without appreciable change 
in the shape of the absorption curve. 
Limiting peak wavelengths in absolute 


7) To be published. 

8) A. Weissberger and E. S. Proskauer, ‘“ Organic 
Solvents,” Interscience, New York (1955). 

9) F. Feigl, ‘Spot Tests,” Vol. II, Elsevier Publ. Co. 
(1954). 
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alcohols were 529, 534 and 542myz, for 
methanol, ethanol and isopropanol, res- 
pectively. The rates of photobleaching 
of the aqueous alcoholic solutions were 
also expressed by the same equation as 
the one for eosin”, 

dc _ k — 

at =10007-1.(1 e ) 
in which k& is the quantum yield. The 
mean molar absorption coefficient, a, 
varies with the shift of the peak wave- 
length following the change in alcohol 
concentration, so its value was determined 
for each solution experimentally and/or 
by calculation with the same method as 
that described previously®. Quantum 
yields obtained at various alcohol con- 
centrations are listed in Table I. 


TABLE I 
QUANTUM YIELDS OF AEROBIC PHOTOBLEACHING 
OF THE AQUEOUS ALCGHOLIC SOLUTIONS 


kx104 27°C 
Concn. 
of al- 
cohols 0 5S we EB DB SB 2 8 ® 
in vol. 
% 
MeOH 5.0 3.8 3.1 2.3 1.9 1.3 1.1 0.6 0.4 
EtOH 5.0 3.6 2.3 1.9 1.4 0.9 0.8 0.5 0.4 
- 69008 6.0 3.5 2.3 16 1.1 6.7 6.4 0.3 0.3 


The experimental formula which had 
been applied to eosin” held well for 
erythrosin in the low concentration ranges 
of alcohols (Fig. 1.): 


L_ 1. ¢ (RH) 


kk?” [H,0] 
k° and & are the quantum yeilds for the 
pure aqueous solution and for the aqueous 
alcoholic solution, respectively. RH re- 
presents alcohol and K is a constant 
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Fig. 1. Retarding effects of alcohols on 
the photobleaching of aerobic aqueous 
erythrosin solution at 27°C. 

@: methanol; ©: ethanol; ©: iso- 
propanol. 
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TABLE II any detectable shift of the peak wavelength 

VALUES OF K AND kK. 27°C under the present conditions. The result 

Kx10-5 k°K seems to be very interesting at first sight, 

MeOH 0.29 15 but it was found later that the formation 
EtOH 0.56 28 of uranin from eosin and _ erythrosin 
i-PrOH 0.97 49 (photochemical dehalogenation) is very 
sensitive to pH of the irradiating solutions. 

experimentally determined. Values of K In the present investigation pH of the 


calculated from the slopes of these straight 
lines are tabulated in Table II. 

With increasing concentration of alcohol, 
the rate of reaction more and more 
decreased, but it did not become zero 
even in absolute alcohol, showing a slight 
uniform reduction of the absorption curve 
after irradiation. 

3. Photobleaching of the Aqueous 
Alcoholic Solutions in vacuo.—The rate 
of photobleaching of aqueous erythrosin 
solution, below a certain concentration of 
dissolved oxygen, decreased with decreas- 
ing concentration of oxygen”, and at the 
complete deaeration photobleaching was 
not observed within the experimental 
errors. Addition of alcohol to the aqueous 
solution caused an increased rate of photo- 
bleaching in vacuo (Fig. 2). The rates 
of the reactions in this system were 
expressed also by the rate formula 
described above. 





0 20 40 60 80 100 
[RH], vol. % 
Variation of the quantum yield 


Fig. 2. 
with the alcohol concentration in vacuo 
at 27°C. 

: ethanol; ©: 


isopropanol. 


In the case of eosin, when the alcohol 
concentration was relatively low, a greater 
part of the dye was converted into uranin 
by irradiation, which exhibited a strong 
fluorescence and had the peak wavelength 
at 490 mz?; in absolute alcohol, however, 
no formation of uranin was observed’. 
In contrast with eosin, irradiated aqueous 
alcoholic erythrosin solutions, even at low 
concentration of alcohol, did not exhibit 


solutions was not controlled. In alkaline 
aqueous alcoholic solutions in vacuo, 
appreciable formation of uranin from 
erythrosin has been observed ; pH-depend- 
ency of this reaction will be reported 
elsewhere in near future. 

Apart from the peak wavelength, the 
solutions exhibited by irradiation slight 
increases in the optical densities of the 
absorption spectra at the wavelengths 
near 400myv, which was outside the 
spectral range of the incident light used. 
Photobleached alcoholic dye _ solutions, 
after introduction of air to the reaction 
cell and violent shaking for some minutes, 
and even after standing in the dark for 
several days, did not show any detectable 
changes in the shape of the absorption 
spectra in the near ultraviolet or in the 
visible region. Thus, it is concluded that 
the photobleaching of alcoholic erythrosin 
solution in vacuo is irreversible under 
these conditions. 

The energy of activation of the photo- 
bleaching reaction of erythrosin in the 
absolute ethanolic solution was determined 
to be 8-+1 kcal./mole, which is much larger 
than that for eosin (5-++1 kcal/mole). 

As in the case of eosin, erythrosin in 
alcoholic solution is believed to be photo- 
reduced by alcohol in vacuo. Qualitative 
analysis of the irradiated methanolic and 
ethanolic solutions revealed the formation 
of aldehyde but not of acid. Acetone 
could not be detected from the irradiated 
iso-propanolic solution. 

4. Influence of a Small Amount of 
Oxygen upon the Photobleaching of 
Alcoholic Solutions.—As described in 
sec. 2, the rate of photobleaching of 
erythrosin in aerobic absolute alcoholic 
solution was slight but detectable for each 
alcohol. When a very small amount of 
oxygen was added to the completely 
evacuated absolute zso-propanolic solution, 
an induction period appeared, after which 
the reaction proceeded at a rate equal to 
that of the oxygen-free system. The 
induction period was proportional to the 
amount of oxygen added. This pheno- 
menon is similar to that observed in the 
case of ethanolic eosin solutions. During 
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this induction period, however, a slight 
decrease in concentration of erythrosin, 
which was approximately of the same 
degree as observed in the aerobic system, 
was observed. Assuming that the oxygen 
added was exhausted completely during 
the induction period, the ratio of 7 
(quantum yield for the photochemical 
disappearance of oxygen) to k (quantum 
yield for the photobleaching in vacuo) 
was obtained to be approximately 5. (3 
for eosin in ethanol*) 

In the case of the absolute ethanolic 
solution, however, results were not repro- 
ducible. Though an induction period 
actually appeared, its duration was not 
dependent on the amount of oxygen added 
and the rates of photobleaching proceeded 
after the induction period were not always 
constant. 


Discussion 


Erythrosin is tetraiodo-uranin and a 
very weak fluorescer in water, while eosin 
is tetrabromo-derivative and a medium 
fluorescer : fluorescence yields are 0.02 and 
0.15 in water for erythrosin and eosin, 
respectively’. From the results reported 
in paper I and in this paper, an analogous 
reaction scheme to that for eosin could be 
applied to erythrosin as well. This may 
be suppported by the works of Oster and 
co-workers®?!), 

Concerning the primary process in 
aerobic aqueous solution, it has been con- 
firmed, for the case of eosin, that the dye 
participating in the process is in the long- 
lived excited state. A similar conclusion 
is given also in the case of erythrosin as 
follows. The lifetime of the excited 
erythrosin attacked by oxygen was 
estimated in the same way as that for 
eosin’ to be of the order of 10~’ sec., 
which is long enough as compared with 
that of the excited singlet state, 0.08x10~° 
sec.'»,. The accuracy of the data is not 
sufficient for the precise value of the 
lifetime of the excited erythrosin to be 
obtained. It appears, however, that the 
lifetime of erythrosin is somewhat shorter 
than that of eosin from the data in paper 
I. These results are consistent with the 
facts that such substances as organic 
halogen-compounds readily transfer to the 
triplet levels'» and that increasing atomic 


10) P.Pringsheim, ‘“‘Fluorescence and Phosphorescence.” 
p. 316, Interscience, New York (1949). 

11) J. S. Bellin and G. Oster, J. Am. Chem. Soc., 79, 
2461 (1957). 

12) E. Gaviola, Z. Physik, 42, 853 (1927). 
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weight of the substituted atoms causes a 
decrease in the lifetime of the triplet 
state’, 

Alternative schemes for the primary 
process in the aerobic aqueous solutions 
in general were proposed in paper I: 
namely, D'+O.—D.-:::::- O, (1) or D'+H,0— 
D-:-+ H.O (II); and in paper IV it was 
concluded that the process (I) is the 
correct one for eosin. It will be shown 
below that this is also true for erythrosin. 
Photobleaching of the aqueous alcoholic 
or the absolute alcoholic erythrosin solu- 
tions in vacuo should de due to the photo- 
reduction of the dye by alcohol molecules, 
D'+RH-—DH-+R-, hence the same equa- 


tion as eq. 18 in paper IV” can be 
employed, 
1 [RH] 1 &:° 1 kk,’ [RH] *? 


Rk [H:O]  ¢s2r ke Gsr ko [HO] 


Fig. 3 illustrates a plot of [RH]/[H.O] 
vs. [RH]/[H.O] for zso-propanolic solutions. 
A plot for ethanolic solutions also yielded 
a straight line. Values obtained from the 
slopes and the intercepts of the straight 
lines for ethanolic and iéso-propanolic 
solutions are summarized in Table III. 


ia ; oo 
TN a 
0 0.2 o4 06 0.8 10 12 14 16 18 
[RH] 
{H,O}] 
Fig. 3. The dependence of [RH]/k[H2O] 


upon [RH]/[H,O] for the isopropanolic 
erythrosin solution in vacuo at 27°C. 


TABLE III 
(at 27°C) 
ky ky ks 
Qs-r kes -104 Ysor ks -10° ks 
EtOH 3 0.9 3 
i-PrOH 5 6.7 13 


13) See, for example, E. J. Bowen and F. Workes, 
“Fluorescence of Solutions,” p. 27. Longmans, Green 
and Co., London, (1953). 

14) D. S. McClure, N. W. Blake and P. L. Hanst, J. 
Chem. Phys., 22, 255 (1954); D. S. McClure, ibid., 17, 
905 (1949). 

15) Here, Yc_,p is the D*+D' transition probability, and 
k, and k2 are the specific rates of the reactions D'+H,O 


and D'+RH, respectively. The superscript s represents 
the summation of the mere deactivation and the effective 
process leading to the photobleaching. 
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On the basis of the similar arguments to 
those given in paper IV, the following 
two relations are derived from the 
schemes (I) and (II). If the primary 
process of the aerobic photobleaching 
follows (1), 


yhs 
eo =k°K, (eq. 15 in paper IV) 
1 
and if it follows (II), 
- =k°K. (eq. 17 in paper IV) 
1 


Values of Rk°K are given in Table II. 
Comparing these values with those of 
k/ki) in Table Ill, it is apparent that 
the differences between them are far 
beyond the errors, and the scheme (II) 
must be rejected. Thus, it can be 
concluded that the primary process of 
the photobleaching of erythrosin in the 
aerobic aqueous solution proceeds via the 
scheme (1). The values of k°K in Table 
II therefore are interpreted as those of 
k,' /k;' for the process (1). 

Further, from the data on the effect of 
oxygen pressure on the rate of the photo- 
bleaching of aqueous erythrosin solution 
given in paper I, the value of k, /Ro, at 
30°C is calculated as 8x10~°, according to 
eq. 20 in paper IV: 

1 [O.) 1 & , 1 = [O] 
k [H.O]” k° ko,’ k° [HO] 


A Plot of [O.]/R[H-O] against [O.]/[H.O] 
is illustrated in Fig. 4. 


1 [0,) 
k (H,O] 





% 20 40 60 80 


[O02] 

{H,O} 

Fig. 4. The dependence of [O2]/k[H:O] 

upon [O,.]/[H,O] for the aqueous ery- 
throsin solution at 30°C. 


< 105 


The quantum yield, k°, for erythrosin 
in the aerobic aqueous solution is about 
twice that for eosin. In the presence of 
sufficient oxygen, k° is given by 


ko, k,' 


k°= ho, hy! 
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in which ko, and k,’ are the specific rates 
of the reaction between D’ and O, (dis- 
solved), and between D-::::- O. and H.O, 
respectively. Assuming that the rate of 
reaction between peroxy-dye-radical, 
D-:::- O., and H:O is not so affected by 
the nature of dyes, k° depends mainly on 
¢s.7(Ro./Ro.’). It seems probable to 
assume, therefore, that an increase in k° 
of erythrosin is due to the increases both 
in ¢s,7 and in ko,/ko,’. On the other 
hand, values of ¢5.,7(k2/ke), Os .7(ke/R: ) 
and k,‘/k; exhibit appreciable differences 
between eosin and erythrosin, while the 
values of k,''/k,'"(=k°K) are nearly the 
same for both. It is concluded, therefore, 
that the reactivity of D’ towards alcohols 
is relatively smaller for erythrosin than 
for eosin. 

Irregular results observed for the 
ethanolic erythrosin solutions in the 
presence of a small amount of oxygen 
may perhaps be related to the smaller 
reactivity of this dye towards ethanol. 
It is seen, from Table III, that zso-propanol 
is more photo-oxidizable than ethanol’, 
and a clear-cut result was obtained for 
this solution. 


Summary 


Photobleaching of the aqueous alcoholic 
erythrosin solutions in air and in vacuo 
was investigated. In general, erythrosin 
showed behavior similar to eosin. An 
excited dye molecule which participates 
in the primary processes is the long-lived 
species, having a lifetime of the order of 
10-‘sec. It was concluded that the primary 
process in aerobic aqueous erythrosin 
solution proceeds via the process, D +O,— 
D:::::- O., as in the case of eosin. It was 
found that excited erythrosin is somewhat 
more reactive than excited eosin towards 
dissolved oxygen, while it is less reactive 
towards alcohols in vacuo. Some quanti- 
tative values on the reactivities were 
given. 


The author wishes to express his 
appreciation to Professor M. Koizumi of 
the Tohoku University for his support of 
this work and criticism of this paper. 


Institute of Polytechnics, 
Osaka City University, 
Kita-ku, Osaka 


16) Itisprobably true that Y,.,, in ethanol is not so 
different from that in iso-propanol. 
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Infrared spectra of methylpolysiloxanes 
were studied by Wright and Hunter” and 
their conclusions were ascertained by 
Richards and Thompson”. There are 
characteristic absorption bands common 
to all the methylpolysiloxanes at 1260 cm~! 
(CH;—Si) and 1000—1100 cm~-! (Si—O-—Si), 
and the characteristic bands associated 
with the structural units were found as 
follows; 


Unit Absorption Band (cm~') 
(CH) sSiO;/2 841, 754—6 
(CH3) 2SiOo/2 800—14 
CH;SiO;;2 800 


From these, one can conclude that the 
assignment of the group frequency to the 
siloxane unit is satisfactory. 

It is interesting to study methylhydro- 
polysiloxanes having hydrogen atoms at- 
tached directly to silicon atoms. 
methylhydropolysiloxanes» involving the 
units, H(CH;).SiO;/2and H(CH;)SiO.., were 
synthesized. In this paper, the infrared 
spectra of these compounds will be des- 
cribed and especially it is intended to 
determine whether the group frequency 
can be assigned or not to these units. 

The following short hand notation will 
be used to indicate the various polysilo- 
xanes. 


Notation Unit 
M' H(CH3) 2SiO;/2 
M (CH3) SiO;/2 
D' H(CH3) SiOe;2 
D (CH3) 2SiOo/2 
T CH,SiOs/2 
Q Si04/2 

Experimental 


Materials.—The compounds used in this ex- 
periment were as follows: 


1) N. Wright and M. J. Hunter, J. Am. Chem. Soc., 
69, 803 (1947). 

2) R. E. Richards and H. W. Thompson, J. Chem. 
Soc., 1949, 124. 

3) R. Okawara and M. Sakiyama, This Bulletin, 29, 
236, 547 (1956); R. Okawara, U. Takahashi and M. 
Sakiyama, ibid., 30, 608 (1957). 


Recently, - 


Linear polysiloxanes; 


M'D',M' s=0,1,2,3 
MD',M a=1,2,3,4,5 
M'D,,M' *2=1,2 


M'D'DM', MM' 


cyclic polysiloxanes; 


D';, n=4,5,6 

D',D, n n 1.%3 
branched polysiloxane; 

M';T 


Measurements.—Spectra were obtained with 
a Hilger H-800 infrared spectrophotometer with 
a rock salt prism. Samples were observed as 
solutions, 2~5% solution in carbon disulfide 
being used in the range 700 to 1500cm~-! and 
3~5% in carbon tetrachloride from 1250 to 5000 
cm~-!. Pure liquid was also used. No appreciable 
difference was observed between both cases. 
The cells were 0.03mm. thick for solution and 
less than 0.01 mm. for pure liquid. In order to 
compare relative intensities approximately, the 
spectra of the compounds belonging to the same 
series (such as M'D',M’', n=0—3) were recorded 
on a same chart, keeping the conditions as simi- 
lar as possible. M':, M'D'M’, M'D’:M’', M'D';M' 
and M'D'DM’' were measured also with a Perkin- 
Elmer Model 21 spectrophotometer with a calcium 
fluoride prism in the range 1500 to 3300cm~-!. The 
cells were 0.026 and 0.109 mm. thick and the con- 
centration of the solution was 3% in carbon 
tetrachloride. The spectra and the position of 
the absorption bands are presented in Fig. 1 and 
Table I~III respectively. 


TABLE I 
METHYLHYDROPOLYSILOXANES: POSITIONS 
OF BANDS (in cm~!) 

D'», D',Dg_» 
n=A4 5 6 D'D, D'.D,. D';D 
771 769 767 751 755 761 
801 798 795 
818 826 831 
880 874 870 867 858 
893 892 884 
917 916 919 906 905 903 
1085 1086 1082 1070 1078 1081 
1258 1258 1258 1256 1256 1258 
1397 1395 1399 
1405 1409 1409 1407 1408 1410 
2162 2159 2162 2148 2158 2170 
2991 2987 2991 2990 2985 2991 
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~ 00 1000 1500. 2000 2500 3000. 3500cm"! 
Fig. 1 (7). The infrared spectra of methylhydropolysiloxanes. 
TABLE II 
METHYLHYDROPOLYSILOXANES: POSITIONS OF BANDS (in cm~') 
M'D',M' M'D,,M' 
n—0 1 2 3 MM’ M',T M'DM' M'D.M' M'D'DM' 
763 764 763 765 755 763 760 759 761 
794 792 791 
798 
832 824 833 834 834 830 820 820 826 
861 856 854 874 
878 885 881 884 
906 902 905 907 904 899 906 901 904 
1055 1063 1072 1074 1054 1059 1055 1037 1045 
1070 1075 
1252 1255 1253 1254 1258 1253 1254 1254 1256 
1262 
1416 1413 1413 1413 1414 1419 1412 1405 1406 
2129 2136 2137 2140 2114 2132 2130 2126 2134 
2169 2169 2169 
2931 2931 2920 2922 2912 2924 2920 2924 2905 
2990 2993 2988 2988 2968 3004 2983 2983 2983 
bond». In this case also, it will be at- 


Discussion of the Results 


Si—H Vibration.—The most remarkable 
difference between the spectra of dimethy!- 
polysiloxanes’” and those discussed in 
this study, is that a strong band in the 
2100 cm region is present only in the 
latter.. This band is characteristic of the 
organosilicon compounds containing an 
Si—H bond, and has been assigned to the 
stretching vibration involving an Si—H 


tributable to that vibration because all the 
compounds contain this bond. 

Two kinds of methyihydrosiloxy unit, 
one chain-forming D’ unit and the other 
chain-terminating unit M’, are involved 
in the compounds studied. It is of interest 
to study whether the position of this band 

4) For example, (a): 2135cm-! in (CsH;)3;SiH and 2108 

cm-! in (n-C3H;);SiH (L. Kaplan, J. Am. Chem. Soc., 


7G, 5880 (1954)) and (b): 2258cm-! in HSiCl, (J. G. Gibian 
and D. S. McKinney, ibid., 73, 1431 (1951)). 
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TABLE III 
METHYLHYDROPOLYSILOXANES: POSITIONS 
OF BANDS (in cm~'!) 

MD',M 


n—0* 1 2 3 d 5 


749 751 762 762 762 762 
826 834 834 834 834 834 


840 867 860 858 
879 886 878 875 
890 891 


914 913 913 912 912 
1055 1052 1046 1046 1050 1052 
1252 1258 1258 1258 1258 1258 


1405 1404 1402 1405 1407 1407 
2149 2154 2159 2159 2159 

2927 2915 2914 2918 2918 2918 
2978 2965 2978 2978 2978 2978 
* This spectrum was measured for com- 


parison. 


varies in these two units. In M’,and D’,, 
involving only one kind of unit, this band 
is found at 2129cm in the former and 
2162cm~! in the latter. But in the com- 
pounds having both units, this band is not 
likely to have two peaks. For example, 
the relation of the bands of M’D’M’ and 
M'D’':M’ with that of M’, is illustrated in 
Fig. 2. 

A similar broadening of the band is also 
observed in M'D’.M', and M’'D'DM’. This 
band was not separated into two peaks 
although the spectra were abtained with 
a spectrophotometer with a_ calcium 
fluoride prism. The position of this band 
shifts to the side of less wave number 


100 


ur 
i) 


Transmission 


o 
——4 





2100 2200 cm-! 
Fig. 2. Si--H stretching vibration bands 

of M'D',,M’' 

M'> M'D'M' 

M'D',M' 
In M'D'M' and M'D’;M’, a weak band, 
which is absent in M's is observed at 
2169 cm~!. 
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when the units, M, D and T are introduced 
in a molecule. This relation is generally 
seen. For example, in the series M’D,M’, 
D',D;-. and MD’,M, in which Si—H 
content varies systematically along the 
series, not only the intensity but also the 
position of this band changes regularly. 

Below 1000cm~', a common band to all 
the compounds is observed at 760cm~’. 
Of course, M may give rise to a band in 
the same position in MD’,M and MM’. 
This band, though more tentative than 
in the case of the band described above, 
seems to be able to be assigned to the 
bending vibration involving an Si—H bond 
as was suggested by Ulbrich? with the 
Raman spectra of D’; and D’;. The posi- 
tion seems to be the same in both M’ and 
D’ units. 

This assignment is consistent with the 
following facts once studied by other au- 
thres: (1) Trisubstituted silanes, HSiC1,4» 
(IR), HSiBr.°? (Raman) and (C;H;);SiH*® 
(IR) give rise to this band at 798, 767 and 
805cm~'! respectively. (2) H(CH:;)SiCI,», 
which gives D’, by hydrolysis, has two 
bands at 753 and 805cm™! in this region, 
of which only the former is kept in D,’, 
while its position attributable to such a 
vibration will not be expected to vary 
after hydrolysis. (3) In the series D,’Dy_» 
and M’D,M’, a similar relation is observed 
for the position and the intensity as was 
observed in the case of Si—H stretching 
band when JD’ is replaced by D, i.e., both 
intensity and wave number decrease as x 
increases. 

C—H Vibration.—In the region 2900— 
3000cm~', all the compounds show the 
bands associated with the stretching vibra- 
tion of C—H linkage. These bands consist 
of two bands near 2920 and 2980cm~'. The 
former is weaker than the latter and may 
be a combination or overtone band. The 
latter is also weak as shown in the case 
of methylpolysiloxane”. It is interesting 
to compare this intensity with that of 
Si—H stretching vibration bands. 

The band near 1410cm~! will be attri- 
buted to the methyl deformation vibration. 
To a sharp intense band near 1260cm7! 
some different assignments have been 
made. The workers” who studied methyl- 
polysiloxanes attributed them to the 
methyl rocking vibration and others who 
studied tetramethylsilane to the sym- 


5) R. Ulbrich, Z. Naturforsch., 9B, 389 (1954) 

5) J. M. Delfosse and R. G. Ghoovaerts, Bull. Berg., 
21, 410 (1935): F. Francois and H. Buisset, Compt. rend., 
230, 1946 (1950). 


January, 1958] 


metrical deformation mode” or 7-(CH) 
vibration” of the methyl group. In this 
study, it is impossible to determine the 
assignment of this band, but it has 
become clearer that this band is related 
to the CH;-(Si) group since this band is 
observed in all the compounds. In a 
branched polysiloxane M’;T, this band has 
two peaks at 1253 and 1262cm~! and the 
former is more intense than the latter 
as was reported” in M;T and M,qQ. 

Si—O Vibration.—The strong absorption 
band in the region 1000—1100cm™' is pro- 
bably associated with Si—O linkage. This 
band occurs in the range 1070—-1085cm~™! 
in the cyclic compounds, 1045—1060cm~! 
in the linear and the branched compounds. 
In M'’DM’, M'D’DM’ and M’D.M’, this band 
consists of two peaks. 

Characteristic Bands below 1000 cm 
All the bands which have been assigned 
to M, D and T in the study of methyl- 
polysiloxanes are found without exception 
also in the spectra of methylhydropoly- 
siloxanes containing these units. In 
D’',.D;_», the intensity of 800cm~! band of 
D clearly increases as is expected from 
the increasing group concentration, but 
the wave number is less than those which 
were reyorted and decreases as D is re- 


placed by D’. At least, within the limits 


of this study, it may be said that the con- 
clusion of Wright and Richards are con- 
firmed. 

There are three bands at 906, 878 and 
832cm~-! in M’,. They are observed also 
in the other members of M’'D’,M’ and their 
intensities clearly decrease when wz in- 
creases. In the compounds having both 
M’ and other units (M, D or T), i.e., MM’, 
M’D,.M’', M'D’DM' and M’,T, only one band 
is found instead of the former two bands. 
Therefore it may probably be considered 
that one or two bands in the range 870— 
910cm~' are characteristic of the unit M’. 
The 832cm~! band is found at the same 
position also in other compounds but in 
MM!’ this band may overlap with the M 
band at 841cm~!. 

A new band occurs at 86lcm™-! in 
M’'D'M’, which is absent in M’. This 
band is caused by the introduction of D’ 
unit and moves to the side of lower wave 


7) C. W. Young, J. S. Koehler and D. S. McKinney, 
J. Am. Chem. Soc., 69, 1910 (1947). 

8) D. H. Rank, B. D. Saksena and E. R. Shull, Discuss. 
Farad. Soc., 9, 187 (1950). 
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number as the group concentration in- 
creases in M’D,'’M’. This band is found 
at 874cm~' in M’D’DM’. In MD’,M, the 
greater the #, the more complex the spec- 
tra. All the members of this series (721) 
have a band at 914cm Except this 
band, MD’.M has one band, M’D’;M has 
two bands in this region, and so on. 
The number of bands in this region seems 
to increase. 

A similar complexity is found also in 
D’,Di-». Wright et al. found that D, 
has two bands at 862(strong) and 880cm~™! 
(weak). In D’,D;-», a common band is 
found at 900cm~'. Except this band, D’D; 
has a band at 818cm~', D’.D. has two 
bands at 827 and 867cm~' and D’:.D has 
three bands at 831, 858 and 884cm~'. On 
the other hand D’, has only one band in this 
region. It is nécessary to point oui that 
D'.D, may be a mixture of two isomers, 
-DDD'D'-, and -DD'DD’.. 
this, the complexity of the snectra of the 
compound containing D’ unit, either linear 
or cyclic, shows that this unit is less in- 
dependent than other units and the group 
frequency treatment must be disclaimed 
with this unit. 


In spite of 


Summary 


1) Infrared spectra of some methyl- 
hydropolysiloxanes involving the units, 
H(CHs3)2Si0O1/2 and H(CH3)SiO2;., were 
studied. The assignments of Wright and 
Richards with methylpolysiloxanes were 
comfirmed in this study. 

2) The stretching and the bending 
band involving an Si—H bond are found 
in the range 2120—2170cm~™! and 760cm~! 
respectively. 

3) Characteristic absorption bands of 
the unit H(CH;).SiO;;,. are observed near 
900cm~! and 830cm~', while the unit 
H(CH;)SiO.;. does not give the charac- 
teristic band and the band related with 
this unit is different in each compound. 


The author wishes to express his sincere 
thanks to Dr. R. Okawara for encourage- 
ment and numerous suggestions throughout 
this investigation. 
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Stability of Cobalt(III) and Chromium(III) Ammine Complexes 
in a Strongly Alkaline Solution* 


By Hayami YONEDA 


(Received June 4, 1957) 


It is well known that cobalt(III) and 
chromium(III) ammine complexes are very 
stable in an acid solution, whereas they 
decompose more or less rapidly in an 
alkaline solution to free ammonia and 
precipitate metal hydroxides. On the other 
hand, ammine complexes of bivalent tran- 
sition metal ions, such as zinc, copper(II), 
nickel and cobalt(II), can remain in solu- 
tion only in the presence of an excess of 
ammonia and ammonium salts. The com- 
plexes of the latter type are not sensitive 
to a slight addition of alkali, but decompose 
instantaneously on addition of acid. Such 
a marked difference in the chemical be- 
havior may be naturally attributable to 
the difference in the degree of covalency 
of the coordination bond. In the ammine 
complexes of the latter type, the metal- 
nitrogen bonding is due largely to the 
ion-dipole attraction, and the ligand can 
be exchanged constantly with the outer 
ammonia or water molecule. For cobalt 
(II) and chromium(III) ammine com- 
plexes, the exchange of a ligand with the 
outer water molecule is presumed to be 
difficult, since the coordination bonds in- 
volved in these complexes are highly 
covalent. However, any investigation on 
the decomposition of these cobalt(III) and 
chromium(III) ammine complexes in an 
alkaline solution has hardly ever been 
reported. In the present investigation, 
the rate of decomposition of cobalt(III) 
and chromium(III) hexammine and mono- 
aquopentammine complexes was measured 
in a concentrated solution of sodium 
hydroxide. At the same time, infrared 
absorption spectra of these complexes were 
measured. From these results, the sta- 
bility of the complexes has been discussed. 


Experimental 


Determination of the rate of decomposi- 


tion.--The complexes used in the measurement 
were hexammine cobalt(III) chloride 
[Co(NH;),]Cl; (1), monoaquopentammine cobalt 


This is Part III of ‘‘ Stabilities of Metal Ammine 
Complexes.” 


(III) perchlorate [Co(NH;)5;H2O] (C104); (II), hexa- 
ammine chromium(III) chloride [Cr(NH3)¢]Cl,; 
(III) and monoaquopentammine chromium(III) 
perchlorate [Cr(NH3);HeO](C1O,4); (IV). The 
rate of decomposition of these complexes was 
measured in 1m sodium hydroxide** at various 
temperatures. The initial concentration of the 
complex was 0.01M in all of the measurements. 
The alkaline solution of the complex for the 
determination of the rate of decomposition was 
prepared as follows. Equal volumes of 0.02m 
solution of the complexes and 2m solution of 
sodium hydroxide, which were separately heated 
to a given temperature, were mixed together. 
This was carried out in several brown test-tubes 
having a stopper, which were dipped in a thermo- 
stat. At an appropriate time interval, the 
content of each test-tube was poured into another 
tube which was dipped in an ice-bath, and quickly 
cooled. Then the cooled reaction mixture was 
filtered to remove the precipitate of the metal 
hydroxide. To prevent further decomposition, 
5cce of the transparent solution thus obtained 
was poured into another tube containing 2cc. of 
6Nn acid. The opitical densities of solutions thus 
obtained were measured. By comparing them 
with the optical densities of the standared solu- 
tion, the concentrations of the complex were 
determined. A Beckman DU spectrophotometer 
was used for measurements of optical densities. 

Infrared absorption spectra.—Infrared ab- 
sorption spectra of I, I], HI and IV in Nujol 
mulls were determined with a Perkin-Elmer 
Model 21 recording spectrophotometer using a 
sodium chloride prism. 


Results 


The measurements of optical densities 
were carried out at several wavelengths 
near the maximum of the first absorption 
band of the complex concerned. In every 
case, no shift of the absorption maximum 
was observed. This suggests almost con- 
clusively that series of reacting solutions 
were composed of the initial complexes. 
The change in the relative concentration 
of the complex, which was determined 


** With a high concentration of alkali and a low con- 
centration of the ammine complex, the ionic strength of 
the reacting solution is kept practically constant during 
the whole process; besides, the decomposition of the 
complex is approximately of the first order with respect 
to the complex. 
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in a Strongly Alkaline Solution 


from the observed opitcal densities is 
shown in Figs. 1~4. From the analysis 
of these curves the decomposition of the 
complex was found to be a practically 
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first-order reaction. Accordingly the acti- 
vation energy of the decomposition could 
be obtained from the rate constants at 
various temperatures, which were calcu- 
lated from the half-lives (See Fig. 5.). 
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Fig. 5. Determination of the activation 


energy for the decomposition of cobalt 
(11) and chromium(III) ammine com- 
plexes from plots of logk against 1/T. 
a) logk for [Co(NHs)¢]Ci, 

b) logk for [Co(NH;);H,O] (C10,) 

c) logk for [Cr(NH3)¢.]C}, 

d) logk for [Cr(NH;);H2O] (C10,), 


TABLE I 
ACTIVATION ENERCIES OF DECOMPOSITION 
[Co(NHs3)¢]** 36 Keal. mol-! 
[Co(NH;);H2O}** 32 Kceal. mol-! 
[Cr(NHs3)¢]** 31 Kceal. mol-! 
[Cr(NH3);H.O}?* 31 Kceal. mol-! 


Absorption bands, which are regarded 
as being due to the rocking vibration of 
ammonia within the complex” are shown 
in Fig.5. As the hexammine and the mono- 
aquopentammine perchlorates of cobalt 
(III) and chromium(III) are all isomor- 
phous, we can compare the strengths of 
the metal-ammonia bonds in these com- 
pounds by comparing the frequencies of 
the rocking vibrations of the coordinated 
ammonia. As the aquopentammine com- 
plex changes into the hydroxopentammine 
complex in a basic medium, it is more 
desirable that the strength of the metal- 
ammonia bond of the hexammine is com- 
pared with that of hydroxopentammine. 
However, as the infrared absorption 
spectrum is influenced markedly by the 
change of the symmetry of the crystal 
structure, the aquopentammine complex 
was chosen for comparison. 


1) S. Mizushima, I. Nakagawa and J. V. Quagliano, 
J. Chem. Phys., 23, 1357 (1955) 
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Fig. 6. Infrared absorption spectra of 
a) [Co(NHs)»5] (C1O;)3 
b) [Co(NH3)5H,O] (C104) 3 
c) [{Cr(NH3)6] (C1lO,4)3 
d) [Cr(NH;);H2O] (C10;); 


TABLE II 
FREQUENCIES OF THE ROCKING VARIATIONS 
OF THE COORDINATED AMMONIA 


[Co(NHs3)¢6] (C104) 3 815cm-! 
[Co(NHg3)sH20] (C104); 853 cm~-! 
[Cr(NH,)6] (C104), 744cm~! 
[Cr(NHg3)5H20] (C104) 3 747 cm~! 


As is easily seen from Table II, the 
rocking vibration of the coodinated am- 
monia appears in the shorter wavelength 
in the cobalt(III) ammine complex than 
in the chromium(III) ammine complex. 
This means that the metal-ammonia bond 
is stronger in the cobalt(III) complex than 
in the chromium(III) complex. In addi- 
tion, ammonia in the cobalt(III) pentam- 
mine complex combines with the metal 
ion more firmly than in the hexammine 
complex. In the chromium(III) complex, 
a very slight tendency of this kind can 
be observed. In the chromium(III) com- 
plex, the replacement of ammonia with 
water hardly has any noticeably influence 
on the other coodination bonds within the 
complex. 


Discussion 


From the data of the infrared absorp- 
tion spectra it was concluded that for the 
cobalt(III) complexes the metal-ammonia 
bond is stronger in the pentammine com- 
plex than in the hexammine complex. 
This tendency is observed in the chro- 
mium(IIIT) ammine complexes too, although 
it appears to be much less marked. This 
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tendency can be inferred from the data 
of the consecutive formation constants of 
various metal ammine complexes. A part 
of the data is shown in Table III. 


TABLE III 
CONSECUTIVE FORMATION CONSTANTS OF 
THREE HEXAMMINE COMPLEXS 


logk; logk. logk; logk, logks logks log( 


On 
5 


/ 


Ni*+ 2.80 2.24 1.78 1.19 0.75 0.03 0.72 
Co*+ 2.11 1.63 1.05 0.76 0.18—0.62 0.80 
Co* 7.3 6.7 Gl 5.6 5.5 4.41 0.64 


In this table, the values of log(k:;/Rs) oss. 
are calculated to be 0.72, 0.80 and 0.64 for 
nickel(II), cobalt(II) and cobalt(III) am- 
mine complexes respectively. On the other 
hand, when we take a special case, where 
the strength of the metal-ammonia bond 
and the state of aquation of the complex 
in a solution are almost identical among 
hexammine, pentammine, tetrammine etc., 
there is a statistical effect which prevents 
the successive formation constants from 
being equal. This was suggested pre- 
viously by Wegscheider® and Adams”, 
who gave the following expression ; 


R», (eS) 
Ren-1 ). N—n 


where 7 represents the number of the 
ligands already attached, except water and 
N is the coordination number of the com- 
plex, and k, and k»., are the consecutive 
formation constants. Thus log(k;/Rs)s:c:,= 
0.38 is obtained. This value is smaller 
than any value of log(Rs/Rs)oi:, already 
described. This indicates that in the 
actual complex the metal-ammonia bond 
is stronger in the pentammine complex 
than in the hexammine complex. In fact, 
Bjerrum compared log(Rn/R:+1)o, with 
log(Rn/Rn+i)stot, in various complexes and 
concluded that the ligand of the complex 
[M(ligand),(H.O)yv-»] is linked to the 
metal ion more firmly than that of the 
complex [M(ligand)»+:(H2O) y-»-:]. 

Thus, both the data of the infrared 
absorption spectra and those of the con- 
secutive formation constants suggest that 
the metal-ammonia bond is stronger in 
the pentammine complex than in the 
hexammine complex. 


2) J. Bjerrum, ‘‘ Metal Ammine Formation in Aqueous 
Solution,” P. Haase and Son, Copenhagen (1941), p. 188, 
285. 

3) Wegscheider, Monatsh., 16, 75 (1895). 

4) Adams, J. Am. Chem. Soc., 33, 1503 (1916). 
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in a Strongly Alkaline Solution 


In connection with this fact, let us con- 
sider the stabilities of I and II in an 
alkaline solution. The experimental result 
indicates that II decomposes easily than 
I. This fact suggests that the decomposi- 
tion of the cobalt(III) ammine complex in 
an alkaline solution is not a mere substi- 
tution of the coordinated ammonia by hy- 
droxylion. As suggested by the fact that 
ammonia situates ahead of water and hy- 
droxyl ion in the spectrochemical series”, 
it is presumed that ammonia combines 
more firmly with the central cobalt(III) 
ion than water or hydroxyl ion does. 

Therefore, so long as the coordinated 
ammonia molecule keeps its original form 
NH;, it is difficult to think that the 
ammonia might be expelled from the co- 
ordination sphere. This is borne out by 
the remarkably great stability of the cobalt 
(III) ammine complex in an acid solution. 
However, the situation is quite different 
in an alkaline solution. Here, let us recall 
the institability of hexahydroxylamine 
cobalt(III) complex discussed in the pre- 
vious paper®. In this case, both the first 
and the second absorption band of the 
complex lie much farther in the shorter 
wavelength than those of other hexammine 


cobalt(IIl) complexes, and a much stronger . 


metal-amine bond is suggested. Never- 
theless, this complex is very unstable in 
an aqueous solution and decomposes fairly 
rapidly. We attributed this to the proton 
dissociation of the ligand. That is, a very 
strong bonding between the metal and 
nitrogen atoms induces the relaxation of 
the N-H bond in the ligand, and facilitates 
the proton dissociation of the ligand. The 
amide group thus produced combines with 
the metal ion very weakly and is easily 
replaced by a hydroxyl ion in the outside 
of the complex. In the ammonia complex, 
the bond between the cobalt(III) ion and 
the nitrogen atom of the ligand must be 
weaker than in the hydroxylamine com- 
plex. Therefore, the proton dissociation 
from the coordinated ammonia is expected 
to take place with much greater difficulty. 
Thus, as the equilibrium 


[Co(NHs3)«]**+H-.O 
ac [Co(NH:;);NH2]* . +H,0 sd 
is shifted almost completely to the left 
side in an acid or neutral solution, the 


phenomena which suggest the proton dis- 
sociation are hardly detectable. However, 


5) R. Tsuchida, This Bulletin, 13, 388, 435 (1938). 
6) H. Yoneda, This Bulletin, 30, 924 (1957). 


in an alkaline solution the reverse reac- 
tion does not take place, and the effect 
of the proton dissociation can be observed. 
Thus, the proton dissociation from the 
coordinated ammonia takes place first; 
then the NH.~ group thus produced is dis- 
sociated. This is our mechanism of the 
decomposition of the cobalt(III) amine 
complex. In the above discussion, we 
regarded the proton dissociation from the 
coordinated ammonia as the rate-deter- 
mining step in the decomposition of the 
ammine complex. On thisassumption we 
can understand that the stability of the 
pentammine complex is greater than that 
of the hexammine complex. Here the dif- 
ference in the activation energy between 
the two complexes can be interpreted as 
the difference in the energy required to 
break off a proton from the coordinated 
ammonia. 

The above discussion is based upon the 
assumption that the ligand which has dis- 
sociated a proton is linked to the central 
cobalt(III) ion less covalently and less 
firmly than the ligand which keeps a 
proton. This assumption seems to be in 
agreement with the fact that hydroxyl ion 
is behind water in the spectrochemical 
series, being linked less firmly to the 
cobalt(III) ion than water. The chemical 
behavior of the hexahydroxylammine 
cobalt(III) complex also supports this as- 
sumption. In addition, this assumption 
finds theoretical support in the concept 
of hybridization of orbitals of the donor 
atom. As was pointed out by Coulson”, 
the non-bonding electrons of water and 
ammonia do not occupy the pure 2s orbital, 
but the hybrid orbital which has to some 
extent the character of the p orbital. Con- 
sequently, the electronic cloudes of the 
lone pair have no longer any spherical 
symmetry, but are pulled out in the di- 
rection opposite to the binding hydrogen 
atoms. The large dipole moments of water 
and ammonia are mainly due to the so- 
called atom-dipoles which are produced by 
such hybridization. However, as a result 
of hybridization, the bonding electrons 
also occupy the hybrid orbitals which 
overlap with the bonding orbitals of the 
hydrogen atoms to much greater extent 
than the pure p opbitals. Such an increase 
of the overlapping of the bonding orbitals 
results in the gain of energy which com- 
pensates for the above mensioned loss of 


7) C. A. Coulson, “* Valence” Oxford Press (1953). p. 
210. 
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energy. That is, the tendency to stabilize 
the bonds by increasing the overlapping 
of the bonding orbitals and the energy 
loss due to the pulling out of the non- 
bonding electrons compete with each other 
to determine the degree of hybridization. 
Accordingly, the larger is the number of 
bonds which are stabilized by hybridiza- 
tion, and the fewer is the number of the 
non-bonding electrons, the larger would 
be the degree of hybridization. Thus, the 
degree of hybridization is greater in water 
than in hydroxyl ion, and also in ammonia 
than in amide ion. Therefore, the locali- 
zation of the lone pair electrons occurs 
more markedly in water and ammonia 
than in hydroxyl ion and amide ion. As 
it is such lone pair electrons that par- 
ticipate in the coordination bond, it is 
easily understood that the greater degree 
of hybridization the ligand takes, the more 
covalent and more stable coordination 
bond it can form. Previously, Kuroya and 
Tsuchida®? found spectrochemically that 
the affinity of ligands to the metal ion is in 
the decreasing order of NH: >H:O>OH 
F-, and asserted that the larger the num 
ber of the lone pairs of electrons in the 
donor atom of the ligand, the less firm 
the coodination bond becomes. This em- 
pirical rule can be understood easily by 
the above mentioned concept of hybridi- 
zation. 

Thus, we have explained the mechanism 
of the decomposition of the cobalt(III) 
ammine complex by assuming the process 
of proton dissociation of the ligand. In 
the case of the chromium(III) complex, 
however, the situation is different. In 
this case, the frequencies of the rocking 
vibrations of the coodinated ammonia were 
found to be almost identical in hexammine 
and aquopentammine complexes. This 
suggests that the strength of the metal- 
ammonia bond is almost identical in hexam- 
mine and aquopentammine complexes. 
Consequently, in the case of the chromium 
(III) ammine complex, it can not be con- 
cluded simply whether the decomposition 
proceeds through the proton dissociation 
from the coodinated ammonia or through 
the mere replacement of ammonia by hy- 
droxyl ion. However, from the data of 
the infrared spectra, the metal-ammonia 
bond is concluded to be much weaker in 
the chromimum(III) complex than in the 
cobalt(III) complex. Therefore, if we take 
the proces of proton dissociation of the 


8) H. Kuroya and R. Tsuchida, J. Chem. Soc. Japan, 
Pure Chem. Sec. (Nippon Kagaku Zassi) G1, 597 (1940). 
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ligand, the activation energy must be 
much larger than that of the correspond- 
ing cobalt(III) ammine complex. This is 
not the case, and it may be natural to 
assume that the decomposition of the 
chromium(III) complex does not go through 
the proton dissociation of the ligand, but 
through the direct dissociation of the co- 
ordinated ammonia. That is, since the 
stability of the metal-ammonia bond in 
the chromium(III) complex is considerably 
small, the coordination bond itself is 
broken with a less amount of energy 
than that required for the proton dissocia- 
tion. This tendency becomes much more 
marked in the case of the ammine com- 
plexes of bivalent transition metal ions. 
In this case, the infrared absorption spectra 
indicate that the metal-ammonia bond be- 
comes weaker. Accordingly, in the solu- 
tion of these ammine compiexes, the ex- 
change of ligands takes place and the 
complex can exist only in the equilbrium 
with an excess of ammonia. 


Summary 


The rate of decomposition of the cobalt 
(II) and chromium(III) hexammine and 
monoaquopentammine complexes in an 
alkaline solution was measured. The 
activation energies of the decomposition 
were found to be 36, 32, 31 and 31 Kcal/ 
mole for [Co(NH:;)<]**, [Co(NH;);H-,O]**, 
[Cr(NH3;)<{°+ and [Cr(NH;);H.O]** respec- 
tively. At the same time the infrared 
absorption spectra of these complexes were 
also measured. The frequencies of the 
rocking vibration of the coordinated am- 
monia were found to be 815, 853, 744 and 
747cm~' for [Co(NH:;),;]**, [Co(NH;);H.O]**, 
[Cr(NH3;)<]** and [Cr(NH;);H,O]** respec- 
tively. From these results it was concluded 
that the decomposition of the cobalt(III) 
ammine complex was not a mere replace- 
ment of the coordinated ammonia by hy- 
droxy! ion, but a reaction through the 
proton dissociation step as exemplified in 
the following scheme 


[Co(NHs);]** +OH 
» [(Co(NH;);NH2]**+H.0, 
while, in the chromium(III) ammine com- 
plex, the decomposition was inferred to 


proceed through a substitution of hydroxy] 
ion for the coordnated ammonia. 


We wish to express our sincere thanks to 


9) For example, D. B. Powell and N. Sheppard, /. 
Chem. Soc., 1956, 3108. 
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In the preceding paper of this series”, 
we have calculated the energy levels of 
the chloroammine cobalt(III) complexes by 
the semi-empirical moleculer orbital (M. 
O.) method taking z-orbitals of the ligands 
into consideration. In those complexes, 
however, the z-bonding between the metal 
orbital ard the z-orbital of the ligand is 
relatively weak. 
well known that the unsaturated ligands 
such as CN~ and CO coordinate strongly 
to the central metal. Recent infrared 
study of potassium tetracyano platinum 
(III) trihydrate K,[Pt(CN),]-3H-O by 
Sweeny et al.” has shown that the Pt-CN 
stretching force constant is comparable to 
that of the usual covalent bonding of 
organic molecules. Pauling’ has pointed 
out that this fact can be explained rea- 
sonably by considering the resonance for- 
mula containing the double bond between 
the ligands and the metallic ion. A similar 
discussion has been made by Williams” 
from the standpoint of the molecular 
orbital theory. But both of their descrip- 
tions are qualitative, and moreover no 
calculation has been done on these com- 
plexes. 

In the present study, we calculated the 
energy levels of hexacyano chromium 


Presented at the 10th Annual Meeting of the 

Chemical Society of Japan, Tokyo, April 6, 1957. 

1) K. Nakamoto, J. Fujita, M. Kobayashi and R. 
Tsuchida. J. Chem. Phys., 27, 439 (1957). 

2) D. M. Sweeny, I. Nakagawa, S. Mizushima and J. 
V. Quagliano, J. Am. Chem. Soc., 78, 889 (1956). 

3) L. Pauling ‘‘The Nature of the Chemical Bond” 
Cornell University Press, New York (1940). 

4) R. J. Williams, J. Chem. Soc., 1956, 8. 


On the contrary it is” 


(III) [Cr(CN),]°-, hexacyano cobalt(III) 
[Co(CN),|°-, tetracyano nickel(II) 
[Ni(CN),]°-, tetracyano copper(I) 
{[Cu(CN),]?-, tvans-dicyano-diethylene-di- 
amine cobalt(III) tvans-[Co en.(CN).|* and 
hexa-ammine cobalt(III) [Co(NH:;);]°* ions 
by the semi-empirical M. O. method, and 
the stability of the complex ions and the 
nature of their absorption bands were 
discussed. 


Procedure 


The method is the same in principle as 
that of the preceding paper’. The sets 
of molecular orbitals for each complex are 
shown in Tableland Fig. 1. The secular 
equation of the form |H;;—G;;£|=0 was 
solved for each class of the irreducible 
representation. Here, Hi; was approxi- 
mated by the following equation. 


Hj )=F:-G,;(Hi+H;j;)/2 


The values of F, is 1.67 for H,, and 2.00 
for HH... Gij are group overlap integrals 
which can be expressed by the usual over- 
lap integrals. 

The values of Hj; for metallic ion were 
selected from the values of Kuroda and 
Ito”. However, they were slightly modified 
not to contradict the charge distribution 
obtained from Pauling’s neutrality princi- 
ple, i.e., ‘‘the central atom is almost 
neutralized by the donation of electrons 
from the ligand’’. The values of H;; of 
the ligand were selected from Mulliken’s 


5) Y. Kuroda and K. Ito, J. Chem. Soc. Japan, Pure 
Chem. Sec. (Nippon Kagaku Zassi), 76, 545, 763 (1955) 
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Gite +Z3y— Riy— Ray +VY 3 (tex +%32—ix— 4x) } 7 ity + ay— Riy— Ray +VY 3 (Z2x—%3x—12—Tax)} 
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Fig. 2. 


ionization potentials®, according to the 
charge distribution postulated above. For 
example, the charge of the individual 
atom in hexacyano cobalt(III) complex 
[Co(CN).<]*-, was assumed to be 

[Co°s2°* (C%-?2-N°-*2-),]. According to this 
assumption, Hj;’s were obtained as shown 
below : 


6) R.S. Mulliken, J. Chem. Phys., 2, 792 (1934). 


The orbital energy levels. 


H3434=2aIco X 0.80+3¢Ico+ X 0.20 
=9.0 x 0.80+25.0 x 0.20=12 
Hzczc=2pIc X 0.782»Ic- X 0.22 
=11.17 x 0.78+0.69 x 0.22=9.0 
Hzyxzn=2pIn X 0.684 2pIN- X 0.32 
=13.81 x 0.68+-0.99 x 0.32 =9.8 
(2plc+2sIc) 


9 


a 


H,.= x 0.78 
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+ (olet ule) x 0.22 


_ (11.17+21.06) 
at 2 
4 8.74+0.69) 


x 0.78 
x6.22>13.5 


Here, 3alco etc. are the ionization poten- 
tials of electrons in the orbitals shown by 
the subscripts. The validity of such a 
procedure may be doubtful. However, 
no better method is known at present. 

Complete sp hydridization was assumed 
for o-orbital of the ligand. Interaction 
between the ligands have been entirely 
ignored. The values of the overlap in- 
tegrals were obtained mostly from the 
tables of Mulliken, Orloff and Orloff, and 
Jaffé and Doak® except S(3d./5p-) which 
was calculated from the master formula 
of Jaffé®. The metal-C and C-N distances, 
1.92 and 1.16 A, respectively, were taken 
from the X-ray analysis on potassium 
ferrocyanate K,[Fe(CN),]-3H.0”. 

After the secular equation was solved, 
the charge distribution was calculated. 
The result was then compared with the 
formerly postulated charge distribution. 


If the calculated result was very different . 


from the formerly postulated one, the 
calculation was repeated using a new 
charge distribution until the agreement 
was satisfactory. The final result of the 
postulated and the calculated charge 
distribution is shown in Table II. 


TABLE II 
CHARGE DISTRIBUTION 
Atom Postulated Calculated 


[Cr(CNg) }3 Cr 0.12 +0.12 
Cc 0.21 0.36 
N 0.31 9.16 
{Co(CN).]3- Co 0.20 +0.18 
C 0.22 0.21 
N 0.32 0.32 
|{Co(NHs3)6]3* Co 0.44 + 0.60 
NH3 + 0.43 + 0.40 
{Ni(CN)4]?~ Ni +0.15 —0.18 
C —0.22 —0.20 
N —0.31 0.00 
{Cu(CN)4]3- Cu 0.00 —0.42 
Cc —0.32 —0.24 
N —0.43 —0.41 


7) R. S. Mulliken, C. A. Rieke, D. Orloff and H. 
Orloff, ibid., 17, 1248 (1949). 

8) H. H. Jaffe and D. O. Doak, ibid., 21, 196 (1953). 

9) V. <A. Pospelov and G. S. Zhdanov, J. Phys Chem. 
(USSR) 21, 879 (1947). 


Discussion 


The orbital energy level diagram ob- 
tained by our calculation is shown in Fig. 2. 
For hexa-ammine cobalt(III) [Co(NH:)<]**, 
dicyano tetra-ammine cobalt(III) 
[Co(NH3),(CN)2]*, hexacyano cobalt(III) 
[Co(CN),]*°~, tetracyano nickel (III) 
[Ni(CN),]?- and tetracyano copper(I) 
[Cu(CN),]*- ions the highest occupied 
levels—fog, €'2, f'xg, b'ng and e’, respectively, 
—are filled up with electrons. This fact 
explains the diamagnetism of these com- 
plexes which was formerly interpreted by 
Van Vieck'® and Pauling® using the M. O. 
and the V.B. method, respectively, but 
both ignored the z-bonding. If one or 
more electrons are added to these com- 
plexes, they must enter into the next 
higher level which is located far above 
the ground level. This will make the 
energy state of the complex much higher 
than before. Thus, hexacyano cobalt(II) 
[Co(CN),]‘~ and tetracyano copper(I) 
[Cu(CN),]°- ions (square planar) are less 
stable than hexacyano cobalt(III) 
[Co(CN).]*°- and tetracyano nickel(II) 
[Ni(CN),]?-, respectively. 

The U.V. absorption spectra of the 
cyanide complexes were investigated by 
Kashimoto and Tsuchida'», and Kuroya 
and Tsuchida’. They concluded that the 
bands at 24000, 32500 and 39000 cm™' of 
hexacyano cobalt(III) [Co(CN),]°~ ion and 
at 21700, 31700 and 35100~37500cm~' of 
tetracyano nickel(II) [Ni(CN).]*- were 
called ‘‘ the first, the second and the third 
bands ’’, respectively. However, the first 
bands of these two complexes are unusual- 
ly weak compared with the first bands 
of the other complexes*. This anomaly 
of the first band has long been a subject 
of discussion. 

Our present calculation clearly indicates 
that the bands at 32500 and 39000cm~'! in 
hexacyano cobalt(III) ion [Co(CN).]*- are 
due to f'.,—e', forbiden transitions which 
give rise to two electronic states (singlet) 
F,\, and F2,. Therefore these bands cor- 
respond to the first and the second bands 
of cobalt(III) ammine complexes, since 
Kuroda and Ito”, and Yamatera'? have 


19) J. H. Van Vieck, J. Chem. Phys., 3, 807 (1935). 
11) M. Kashimoto and R. Tsuchida, J. Chem. Soc. 
Japan, Pure Chem. Sec. (Nippon Kagaku Zassi) GO, 347 
(1939). 
12) H. Kuroya and R. Tsuchida, ibid. G1, 597 (1940). 
13) H. Yamada, Presented at the Symposium of Metal- 
lic Complexes. Tokyo, October, (1954). 

* In [Ni(CN),4]?2-, loge=—0.05 and in [Co(CN)<]-, 
log «=—0.28, but these values are not strictly repro- 
ducible. 
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shown that the first and the second band 
of hexa-ammine cobalt ion [Co(NH:),]** 
were attributable to f.,-—e', transitions. 
Fig. 3 indicates the correlation of the 
absorption bands between hexacyano cobalt 
(III) ions [Co(CN).]*-, dicyanodiethylene- 
diamine cobalt(III) [Coen,(CN).]* and 
trisethylenediamine cobalt(III) [Co ens;]** 
ions**, It is seen that the absorption 
bands of trisethylenediamine cobalt(III) 
[Co en;]** shift to the shorter wave length 
as the ethylenediamine is replaced by 
cyanide. Furthermore, the magnitude of 
the shift has a linear relation with the 
number of cyanide, as is generally seen 
in the absorption spectra of the mixed 
complex"'>, This fact also suggests that 
these two absorption bands of hexacyano 
cobalt(III) ion [Co(CN).]*- are of similar 
character to the first and the second band 
of hexa-ammine cobalt(III) [Co(NHs)<«]°* 
ion. Thus we conclude that the weak 
shoulder at 24000cm~' may be attributable 
to the singlet-triplet transition. It should 
be noted, however, that the f., orbital of 
hexacyano cobalt(III) ion [Co(CN),]*- 
consists of 3d (cobalt)and 2p (ligand) 
orbitals, whereas th f., orbital of hexa- 
ammine cobalt(III) [Co(NH;)«]*+ includes 
only non-bonding 3d (cobalt)orbital. In 
dicyanodiethylenediamine cobalt(III) 

[Co en.(CN).]*, the transitions occur from 
boy or e', to a's, or big levels according 
to our calculation. This is not unexpected, 
because lowering of symmetry from O;, to 


** Though the calculation was made on trans- 
(Co(NH;),4(CN)2]*, absorption measurement was made 
on trans-[Co en2 (CN)2]*, because the former complex 
has not yet been prepared. It has been well known, 
however, that absorption spectra of ethylenediamine com- 
plexes always bear a close resemblance to that of 
ammine complexes. Therefore, experimental data of 
Ary (CN)2]* have been used instead of [Co(NHs3), 
(CN)2]*. 

14) Y. Shimura and R. Tsuchida, This Bulletin, 28, 
572 (1955). 

15) S. Kida, ibid., 29, 805 (1956). 


Dy splits fry into e, and b.,, and e, into 
@izg and biz, respectively. Thus, the ob- 
served bands at 25000 and 32400cm~' will 
be due to these transitions. 

As is seen in Fig. 4, the bands at 26300 
and 32200cm~-' of hexacyano chromium 
(III) ion [Cr(CN)<]*~- are also attributable 
to f's, > e', transitions. In this case, our 
result is in good accord with Tsuchida’s 
former assignment, which ascribed these 
bands to the first and the second bands. 





log ¢ 





410 











8090 100 110 120 130 


vy X10 sec! 
K2[Ni(CN)4] 
---- K;[Cr(CN)6]'? 
_ os K;Cu(CN),! 


Fig. 4. 


In planar tetracyano nickel (II) 
[Ni(CN),]?- ion, the lowest transition 
occurs from b'x, or e', to big or @'2 level. 
Of these transitions, e’,—>a'x is allowed, 
and Blog DB! ig, e'g >big and b'2xg—>a'm are 
forbidden. The intense bands at 35100 
(log «=3.67) and 37500cm~' (log «=4.09) 
may be due to e’,->a’,, transitions, which 
substantially correspond to flo—>f"\. 
transition of hexacyano cobalt(III) ion 
[Co(CN)<]*-. Since b'2,— b'1, and e's > b' ig 
transitions correspond to f2,— e', transi- 
tions of hexa-ammine cobalt(III) 
[Co(NHs;)«]**, the band at 31700cm™' may 
be ‘“‘the first band’’. The second band 
may be hidden by the strong “ specific 
band”’ in the region of 33000~40000cm~’. 
The weak shoulder at 21700cm~' may be 
due to the singlet-triplet transition. 

In tetrahedral tetracyano copper(I) 
[Cu(CN),]*- ion, the lowest transition 
occurs from e’, fi, f’2 and f'’, to f'"", which 
contains allowed transitions. The bands 
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observed at about 32000 cm~! and following 
higher absorption will be probably due to 
those transitions. In this case, no band 
exists corresponding to “the first or the 
second band ”’ of the octahedral cobalt (ITD 
complexes. 

Finally we tabulated the calculated and 
observed energies of transitions in each 
complex in Table III. It may be possible 
to obtain better agreement between these 
values if the values of the ionization 
potentials are selected appropriately. How- 
ever, we did not do so since we thought 
consideration of the charge distribution 
obtained from the Pauling’s neutrality 
principle was more important. 


TABLE III 
COMPARISON OF THE OBSERVED AND THE 
CALCULATED ENERGIES OF TRASITION IN 


EV. UNIT 
[Cr(CN).¢]*- [Co(CN)¢]*- 
3.25, 3.95* 3.97, 4.80 
obs. (1.76) (1.65) (2.29) (2.09) 
calcd. 2.9(f) 2.8(f) 
[Ni(CN)4]*- [Cu(CN) 4] 
4.00, 4.34, 4.63 4.15, 5.3°* 
obs. (2.85) (3.67) (4.09) (1.67) (4.0) 
calcd. 2.6 3.0(a@&f) 4.0 4.3(@&f) 
[Coenz(CN)2]* [Co(NHs3)6]** [Coen;]** 
3.09, 4.01 2.61, 3.66*** 2.64, 3.66*** 
obs. (1.98) (2.00) (1.78) (1.74) (1.94) (1.90) 
calcd. 2.6 3.2(f) 2.8(f) -- 


Literature of the observed data. 

* H. Kuroya and R. Tsuchida, J. Chem. 

Soc. Japan, (Nippon Kagaku Zassi) G61, 597 

(1940). 

** M. Kashimoto and R. Tsuchida, ibid. 

6O 347 (1939). 

*** Y. Shimura and R. Tsuchida, This 

Bulletin, 29, 313 (1956). 

The number in the bracket in the ‘‘ obs. 
column indicates logarithm of the molecular ex- 
tinction coefficient. (a) and (f) in the ‘‘ calcd.”’ 
column denote ‘‘allowed’’ and ‘‘ forbidden’”’ 
transitions, respectively. 


” 


Experimental 


The absorption measurement was made by the 
Beckmann DK Spectrophotometer. 

Potassium hexacyano cobalt(III) ate 
K;[Co(CN).¢] and potassium tetracyano nickel (II) - 
ate K,[Ni(CN),] were prepared according to the 


description of ‘‘Inorganic Syntheses Vol. II”’’. 
Dicyano-diethylenediamine cobalt(III) sulfate tri- 
hydrate [Co eng(CN)-2] 1/2 SO,-3H,O0 was prepared 
by the method of Ray et al.1®,. In the prepara- 
tion of these complexes, the contamination of 
other metallic ions was avoided by careful puri- 
fication of the starting materials, cobaltous 
chloride and nickel sulfate. 


Summary 


The energy levels of the cyanide com- 
plexes—hexacyano chromium(III) 
[Cr(CN)«]*-, hexacyno cobalt(III) 
[Co(CN).]*-, tetracyano nickel (II) 
[Ni(CN).]?-, and tetracyano copper(I) 
[Cu(CN),]*- ions—have been calculated 
by the semi-emprical M.O. method taking 
z-orbitals of the ligands into considera- 
tion. The ionization potentials used have 
been determined so that the calculated 
charge distribution does not contradict 
that obtained from Pauling’s neutrality 
principle. The stability and the magnetic 
property of these complexes have been 
well interpreted by our calculation. The 
results have revealed that the first and 
the second bands of hexacyano chromium 
(III) [CO(CN).]*- and hexacyano cobalt 
(III) [Co(CN),]*- are attributable to f',,> 
e', transitions which are of the similar 
character to the first and the second bands 
of hexammine cobalt(III) [Co(NHs)«]**, 
although the ground level, f',, combines 
strongly with the z-orbitals of the ligands. 
In tetracyano nickel(II) [Ni(CN),]?-, the 
**second band”’ is hidden by the allowed 
transition. For tetracyano copper(I) 
[Cu(CN),]*-, there is no band correspond- 
ing to ‘‘ the first and the second band ’”’. 


The authors are very grateful to Dr. 
K. Ito of Nagoya University and Mr. H. 
Yamatera of the Osaka City University 
for their kind advice and helpful discus- 
sions during the course of this work. 
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University, Masagocho, Wakayama 
Department of Chemistry, Faculty of 
Science, Osaka University, 
Kita-ku, Osaka 


16) P. Ray and B. Sarma, J. Indian Chem. Soc., 28, 
59 (1951). 
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Studies on Serine Peptides. IV. Synthesis of 1t-Seryl-x-histidyl- 
L-leucyl-t-valyl-t-glutamic Acid with Strepogenin Activity 


By Kenji OKAWA 


(Received August 12, 1957) 


A peptide having strepogenin activity 
was recently isolated by R. Merrifield and 
D. Woolley from a partial hydrolysate of 
beef insulin and its structure was esta- 
blished to be as 1-seryl-.-histidyl-.-leucy]l- 
L-valyl-t-glutamic acid’. 

In a previous paper», the author re- 
ported that 1-seryl-.-histidyl-L-leucine was 
synthesized from Cbzo-O-Bz-1-seryl]-1-histi- 
dine and t-leucine methyl ester in good 
yields by Sheehan’s method”, followed by 
the elimination of protecting groups with 
hydrogen bromide in dioxane. 

In the present experiment, the penta- 
peptide was synthesized by the condensa- 
tion of Cbzo-O-Bz-1-seryl-.-histidine with 
L-leucyl-1-valyl-t-glutamic acid diethyl 
ester, followed by the removal of the pro- 
tecting groups in the same way as above. 

During the course of the present work, 
Woolley and Merrifield reported» that the 
synthesis of this peptide had the same 
strepogenin activity as that of the native 
one. The yields in all coupling reactions 
of these authors’ are less than ours. 

The synthetic pentapeptide showed stre- 
pogenin activity in the biological test us- 
ing L. casei*. By addition of zinc acetate 
to an aqueous solution of the pentapeptide, 
an insoluble zinc-complex was _ readily 
formed. 

The reaction sequences were the follow- 
ing. Cbzo-1-leucyl-.-valine was prepared 
by coupling Cbzo-1-leucine with t-valine 
methyl ester, followed by hydrolysis of 
Cbzo-peptide methyl ester produced. Then 
the product was coupled with glutamic 
acid diethyl ester to give Cbzo-1-leucyl-1- 
valyl-t-glutamic acid diethyl ester. Then 
the Cbzo-group was removed by dry hy- 
drogen bromide in dioxane and the tri- 
peptide ester hydrobromide was obtained. 


1) R.B. Merrifield and D. W. Woolley, Arch. Biochem. 
Biophys., 56, 265 (1955). 

2) R. B. Merrifield and D. W. Woolley, J. Am. Chem. 
Soc., 78, 358 (1956). 

3) K. Okawa, Part III This Bulletin, 30, 976 (1957). 

4) J. C. Sheehan and G. P. Hess, J. Am. Chem. Soc., 
77, 1067 (1955). 

5) R. B. Merrifield and D. W. Woolley, ibid., 78, 4646 
(1956) . 


* L. casei; (Bioassay). 


Cbzo-O-Bz-1-seryl-.-histidine was prepared 
by the same method as described in the 
previous paper®. This Cbzo-dipeptide was 
coupled with the above tripeptide ester in 
chloroform by means of dicyclohexylcarbo- 
diimide to give Cbzo-O-Bz-.-sery]-.-histidy]- 
L-leucyl-Lt-valyl-t-glutamic acid diethyl 
ester in 80% yield. It seems that the good 
yield of this last stage is due to the high 
solubility of Cbzo-O-Bz-.-seryl-.-histidine 
in the organic solvent. The hydrolysis of 
the ester group by the usual method was 
unsuccesful, as Woolley pointed out”, 
owing to low solubility of this peptide 
derivative in dioxane or acetone-water sys- 
tem. The desired free pentapeptide was 
obtained after removal of the protecting 
groups by treatment of Cbzo-Bz-1-seryl-t- 
histidyl-t-leucyl-_-valyl-Lt-glutamic acid di- 
ethyl ester with concentrated hydrochloric 
acid at 37°C tor 80 minutes. 


Experimental | 


Cbzo-t-leucyI-L-valine.—.-Valine methyl ester 
hydrochloride (11.5g.) in 40cc. of dry tetrahy- 
drofurane was treated with 43cc. of 1.66 n-am- 
monia—chloroform. After removal of ammonium 
chloride, excess of ammonia and chloroform was 
evaporated in vacuo at 40°C, and the residue was 
mixed with dicyclohexylcarbodiimide (14.17 g.) 
and Cbzo-1-leucine (18.25 g.) in 20cc. of tetrahy- 
drofurane at room temperature. Immediately 
after mixing, dicyclohexylurea deposited in the 
above reaction mixture. After the product 
being kept overnight at room temperature, acetic 
acid (lcc.) was added to decompose the un- 
changed dicyclohexylcarbodiimide. The mixture 
was allowed to stand at room temperature for an 
hour and the precipitate produced was filtered 
off. Then, tetrahydrofurane was replaced by 
ethyl acetate and the solution was washed with 
0.1N hydrochloric acid, 1% sodium bicarbonate 
and water successively, dried over anhydrous 
sodium sulfate and concentrated in vacuo. The 
syrupy product was saponified with n-sodium 
hydroxide in dioxane-acetone (about 14:1 v/v) 
solution and Cbzo-t-leucyl-.-valine was extracted 
twice with ethyl acetate. The extract was dried 
over anhydrous sodium sulfate and then concen- 
trated in vacuo. Addition of petroleum ether 

6) R. B. Merrifield and D. W. Woolley, ibid., 78, 4646 

(1956). 


- 
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TABLE I 
N-Cbz-O-Bz-.-Ser + .t-His-OMe Cbz-t-Leu + 1-Val-O-Me 
D.C.C.D D.C.C.D 
(T.H.F) (T.H.F) 
N-Cbz-O-Bz--Ser-t-tHis-OMe Cbz-L-Leu-t-Val-OMe 
NaOH NaOH 
(Dioxane) (Dioxane-Acetone) 


N-Cbz-O-Bz-1-Ser-t-His-COOH 


Cbz-1-Leu-t-Val-COOH + 1-Glu (OEt)2 


D.C.C.D 
(T.H.F) 


Cbz-1t-Leu-1-Val-t-Glu- (OEt)>2 


HBr 
(Dioxane) 


HBr-1-Leu-.-Val-.-Glu (OEt) > 


NH;-CHCI, 
D.C.C.D 
(CHC) 
N-Cbz-O-Bz-.-Ser-1-His-t-Leu-t-Val-1-Glu (OEt)s 
conc. HCl 
37°C 


L-Ser-L-His-t-Leu-1-Val-.-Glu 


T.H.F; Tetrahydrofurane 
gave 15g. (65.2%) of white crystals. The pro- 
duct was recrystallized from ethyl acetate-petro- 
leum ether, yield 13.5¢g. (59%), m.p. 107—108°C. 
[a]=—18.52 (10 mg./cc. EtOH)”. 


Anal. Found: C, 62.88; H, 7.38; N, 7.81. 
Calcd. for CygH230sNe: C, 62.60; H, 7.77; N, 
7.68%. 


Cbzo-l-leucyl-l-valyl-l-glutamic Acid Di- 


ethyl Ester.—1-Glutamic acid diethyl ester from * 


u-glutamic acid diethyl ester hydrochloride 
(4.83 g.) was coupled with Cbzo-1-leucyl-t-valine 
(6.69 g.) in 20 cc. of tetrahydrofurane by the same 
procedure as described above. Dicyclohexylurea 
was precipitated more slowly in this case than 
in the above. After standing overnight, Cbzo-1- 
leucyl-L-valyl-t-glutamic acid diethyl ester was 
precipitated together with dicyclohexylurea since 
it was difficultly soluble in tetrahydrofurane. 
Then Cbzo-tripeptide ester was extracted with 
hot ethyl acetate. After evaporation of ethyl 
acetate, the precipitate was recrystallized from 
hot ethylacetate. The yield was 6.5g. (68%), 
m.p. 178—179°C. [a]}3=—41.1 (15 mg./cc. acetic 


acid). 

Anal. Found: C, 61.16; H, 7.39; N, 7.85. 
Calcd. for CosHy308N3: Cc, 61.18; H, 7.70; N, 
7.65%. 


1-Leucyl-i-valyl-I-glutamic Acid Diethyl 
Ester-HBr.—Cbzo-tripeptide ester was suspended 
in dry dioxane (10g.) into which dry hydrogen 
bromide was passed through until saturation 
was completed. After an hour, absolute ether 
(150 cc.) was added to the reaction mixture and 
the ether solution was concentrated in vacuo. 
The residual syrup was dissolved in absolute 
ethanol and the solvent was distilled off in vacuo. 
After the white residue was recrystallized from 
absolute ethanol and absolute ether, 1.7g. of the 


7) E. L. Smith, D. H. Spackman and W. J. Polglase, 
J. Biol. Chem., 199, 801 (1952). 


D.C.C.D; Dicyclohexylcarbodiimide 


hydrobromide was obtained in 90% yield. m. p. 
220°C. [a]}}=—30.46 (20 mg./cc. ethanol). 

Anal. Found: C, 48.20; H, 7.48; N, 8.70. 
Calcd. for CopH3g0gN3Br: C, 48.38; H, 7.66; N, 
8.46%. 

Cbzo - O - Bz- L- seryl -L-histidyl-1-leucylI-.- 
valyl-1-glutamic Acid Diethyl Ester.—To the 
solution of Cbzo-O-Bz-t-seryl-.-histidine (1.0 ¢.) 
in 25cc. of dioxane, was added 50cc. of the 
dioxane solution of the tripeptide ester which 
was prepared from the hydrobromide (1.2 g.) 
using the chloroform-ammonia solution, and di- 
cyclohexylcarbodiimide (0.5g.). After the solu- 
tion was left overnight at room temperature, 
acetic acid (0.2cc.) was added to the mixture, 
which was allowed to stand for an hour. The 
reaction mixture was concentrated in vacuo, the 
residual precipitate was dissolved in chloroform 
and the urea derivative produced was filtered off. 
The filtrate was washed with dilute acid, but 
the aqueous layer was not separated from the 
organic layer. After chloroform was distilled 
off, the precipitate was filtered and washed with 
aq. solution of sodium bicarbonate. The pre- 
cipitate was recrystallized from hot ethanol; 
1.5g. of crystals was obtained in 82.3% yield. 
m.p. 192—3°C. [a]{}=—34.5 (10 mg./cc. acetic 
acid). 

Anal. Found: C, 59.91; H, 6.94; N, 11.25. 
Caled. for CygHo1O,N7: 61.11; H, 7.06; N. 11.34%. 

1-Seryl-1-histidyl-1-leucyl - L- valyl -1-gluta- 
mic Acid.—The above Cbzo-peptide ester (0.9 g.) 
was treated with 50cc. of 12N hydrochloric acid 
at 37°C for 80min. After thirty min. Cbzo-peptide 
ester was almost dissolved and slight turbidity 
appeared. At the end of the reaction period, 
the solution was dried over sodium hydroxide in 
a vaccum desiccator. The residual solid was 
dissolved in 10cc. of water and the insoluble 
product was filtered off. The filtrate was treated 
with triethylamine and brought to pH 6.8. After 
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concentration in vacuo, the residual product was 
washed with ethanol. The crude pentapeptide 
(0.4g.) was obtained, in 70%. The product was 
dissolved in a small amount of water and 5 times 
as great an amount of alcohol was added; the 
mixture was allowed to stand in an ice-box until 
crystallization was completed. Recrystallization 
was repeated four times in the same way. Paper 
chromatography of this synthetic pentapeptide in 
butanol-acetic acid-water (4: 1:1) gave one spot 
with Ry 0.53. Paper chromatography of an acid 
hydrolysate of the synthetic peptide gave approxi- 
mately equimolecular amounts of five spots 
corresponding to serine, histidine, valine, leucine 
and glutamic acid. m.p. 233—5°C. [a]}} = —5§2.3 
(10 mg./cc. water). 

Anal. Found: C, 50.88; H, 7.02; N, 16.50. 
Caled. for Cs5H4y,O9N;: C, 51.45; H, 7.03; N, 
16.80%. 

Biological Activity.—The synthetic penta- 
peptide was shown to have strepogenin activity 
three times as great as that of the casein hy- 
drolysate. With regard to both the peptides, 
L-seryl-L-histidine and .-seryl-t-histidyl-L-leucine, 
activity was detected. 

Zinc Complex of Pentapeptide.—A zinc 
complex was readily formed in an aqueous solu- 
tion of the pentapeptide by adding equimolecular 
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zine acetate. The analytical value of this pro- 
duct varied according to the reaction condition, 
ainly concentration of the solution. One of 
these data suggests the under signed formula. 
Anal. Found: N, 12.78; Zn, 0.81. Calcd. for 
CogHy7O;;N7Zn: N, 12.78; Zn, 0.85%. 


Summary 


L-Sery]l-.-histidyl-L-leucyl-L-valyl-L-gluta- 
mic acid having strepogenin activity has 
been synthesized from O-Bz-t-serine as a 
starting material in a good yield by Shee- 
han’s dicyclohexylcarbodiimide method. 
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Heats of Mixing of Dichloroethane with Non-polar Liquids 
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In a number of papers’ concerning the 
solutions of non-electrolytes published 
hitherto, the discussions were made from 
the standpoint of inter-molecular energy. 
However, in solutions containing steric 
isomers due to the internal rotation”, 
their intra-molecular energy may be ex- 
pected to contribute to the thermodynami- 
cal effects of solutions and this fact has 
not been discussed before. 

In the following section of this report, 
we shall derive a simple theory about the 
excessive enthalpy arising from the inter- 
nal rotation and compare it with experi- 
mental data of the heats of mixing of 


* Present address: Institute of Polytechnics, Osaka 
City University, Kita-ku, Osaka. 

1) A. Miinster, Trans. Faraday Soc., 46, 165 (1950): 
J. S. Rowlison, ibid., 50, 1036 (1954); J. Barker, J. Chem. 
Phys., 20, 794 (1952); H. Tompa, ibid., 21, 250 (1953); J. 
A. Pople, Discussions Faraday Soc., 15, 35 (1953); etc. 

2) S. Mizushima, ‘“ Structure of Molecules and Internal 
Rotation”. Academic Press Inc., Publishers. New York, 
N. Y. (1954). 


dichloroethane with cyclohexane, carbon 
tetrachloride and benzene, where dichloro- 
ethane is the typical molecule having 
isomers Owing to the internal rotation. 

Solutions of Dichloroethane with Non- 
polar Solvent.—It is well known that 
molecules of dichloroethane can exist in 
the tvams and the gauche form. In the 
gaseous state, the potential energy of the 
former is lower than that of the latter by 
about 1.5kcal./mole and the molecules of 
dichloroethane exist predominantly in the 
trans form at room temperature. 

In the liquid state, however, the gauche 
form with a large dipole moment is con- 
siderably more stabilized than the fvaus 
one by the reaction field from the sur- 
rounding dielectric medium, so that a 
considerable part of the molecules is in 
the gauche form. When a non-polar sol- 
vent of a lower dielectric constant is 
added to the pure liquid of dichloroethane, 
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the dielectric constant of the surrounding 
medium of the dichloroethane molecules 
become lower, resulting in transition from 
the gauche form to the fraus. Owing to 
this transition, the change in ethalpy which 
does not appear in ordinary solutions will 
be expected to occur in these solutions. 

We suppose that the solution contains 
Naz molecules of dichloroethane and N, 
molecules of solvent. Of Nz molecules of 
dichloroethane, N; molecules are in the 
trans form and WN, in the gauche, that is, 
Ni=N:+N,. 

We further make the following assump- 
tions ; 

1) Internal partition functions of di- 
chloroethane in the tvams and in the 
gauche form are the same. 

2) A part of inter-molecular energy, 
arising from dispersion force between both 
forms and solvent molecules are the same. 

3) The part of inter-molecular energy 
arising from the dipole of the dichloro- 
ethane molecule in the gauche form are 
included in the mutual energy between 
the dipole and the reaction field. 

4) The sizes of the dichloroethane and 
the solvent molecules are nearly equal. 

5) On the mixing of the solution, no 
volume ckange occurs, that is, the volume 
of the solution is additive. 

Under these assumptions the configura- 
tional partition function Z of the solution 
is represented by the following equation ; 


(M+N,+N;)! 
N;! N,! N;! 
x e- Xw/RT g-N g(4E-4G)/kT (1) 


Z=2QWNegyNttNegNs 


where ¢, and ¢, are the internal partition 
functions of the dichloroethane and the 
solvent molecule, X the number of pairs 
of the dichloroethane-solvent and 2w de- 
fined as follows: 

2w=2was—Waa—Wss, Where Was, Waa and 
w;; are the ordinary interaction energy of 
dichloroethane-solvent pair,  dichloro- 
ethane-dichloroethane pair and_ solvent- 
solvent pair, respectively. JE is the in- 
ternal potential energy difference between 
the trams and the gauche form. JG is 
the stabilization free energy of a dipole 
arising from the reaction field of surround- 
ing dielectric medium. 

Assuming the simplest model in which 
the dichloroethane molecule is spherical 
and the dipole is at the center of this 
sphere, JG can be represented as follows”; 


3) C. G. Béttcher, ‘‘ Theory of Electric Polarization,” 
Elsevier, Houston, p. 139. 
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4G= (1/2) #?,R/(1—Raa), 
R=2(e—1)/(2e+1)a*z (2) 


where #, is the dipole moment of the 
gauche form, a, is the molecular radius 
of the dichloroethane molecule assumed 
to be spherical, az is the polarizability of 
dichloroethane and « is the dielectric con- 
stant of the solution. 

Naturally, « in the formula (2) is de- 
pendent on WN, and N,, and is expressed 
by the following formula”; 


_ Se f 7 2e+1 — 


~Qet+1| 3kT \Qet+n% 3 
2e+1 _——s 4n 3 
2e+n74 wen 3 wate 
2e+1 re An a 
2e+n?, (n s 1) x 7” sNs (3) 


where mq and ; are the refractive indices 
of dichloroethane and solvent respectively 
and a; is the molecular radius of solvent 
molecule assumed to be spherical. 

To obtain the ratio of N, to Ni, we shall 
assume that the chemical potential of the 
trans form is equal to that of the gauche, 
that is, 


dln Z/0N,=0 In Z/0N; 
and then we can derive 


N,/N:=2 exp—{4E 
—(4G+N,04G/0N;)}/kT (4) 


Using (4), we now proceed to obtain the 
excess enthalpy of the solution. Enthalpy 
of the solution arising only from the in- 
ternal rotation is expressed as follows; 


H;=kT’ (d\n Z/0T) —Xw (5) 


The excess of enthalpy is obtained by 
subtracting the value of Hj) of pure liquid 
of dichloroethane from the above. Thus 
the excess of enthalpy is 


4Hi=Hi—Hio (6) 


where Hj, is the enthalpy of dichloroethane 
in the pure lipuid state. 

We shall apply this treatment to the 
actual systems. In the measurement of 
heats of mixing, cyclohexane, carbon tetra- 
chloride and benzene were used as non- 
polar solvents, but here in the calculation 
we shall take up only the dichloroethane- 
carbon tetrachloride system. Other two 
systems may be expected to show only a 
small deviation from the carbon tetra- 
chloride system, because the refractive 
indices of benzene and cyclohexane are 


4) H. Fréhlich, “Theory of Dielectrics”, Oxford, 


London, p. 47. 
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little different from that of carbon tetra- 
chloride. The values of refractive index 
nm and molar volume of dichloroethane and 
carbon tetrachloride in the pure liquid 
used in the calculations are as follows; 


Molar 


n* volume (ml.) 


20°C 25°C 20°C: 25°C 
Dichloroethane 2.0861 2.0702 79.03 79.88 
Carbon 2.1316 2.1220 96.49 97.08 


tetrachloride 


According to Wada and Morino”, we 
adopt J£=1.27 kcal/mole and #,=2.55 D. 
To obtain the values of N,/N:, we have to 
perform successive approximations using 
formula (4). The results thus obtained 
are plotted against the concentration of 
dichloroethane in Fig. 1. It is seen that 


0.4F 
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the fraction of the gauche form decreases 
appreciably with dilution of dichloroethane 
by carbon tetrachloride. There have been 
no reports on systematic experimental 
data to be compared with the above ex- 
pectation. Only in the pure liquid of 
dichloroethane**, it was found from spec- 
troscopic data that the fraction of the 
gauche form is about 2/3, and is somewhat 
lower than the calculated value. This 
may be attributed, as Wada” pointed out, 
to the calculation on the oversimplified 
spherical model of molecule and may be 
improved by various corrections. 


5) A. Wada and Y. Morino, J. Chem. Phys., 22, 1276 
(1954) . 

** Private communication from Mr. I. Miyagawa. 

6) A. Wada, J. Chem. Phys., 22, 198 (1954). 
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To diminish the overestimation of the 
energy due to the reaction field, it will be 
necessary to increase the value of JE. 
We, therefore, adopted a larger value of 
1.928 kcal./mole as JE, with which the 
value 2/3 of the fraction of the gauche 
form in pure liquid was obtained. By the 
use of this value as JE, the fraction of 
the gauche form is recalculated and shown 
in the same figure. Here, it will also be 
seen that the appreciable decreases in the 
fraction of the gauche form take place with 
dilution by carbon tetrachloride. Hence 
we may use both values of JE in the 
later calculation. 

Knowing the values of N;/(N,+N;) and 
using Eqs. (5) and (6), we can calculate 
the values of the excess of enthaipies of 
the solution. As in the formula (5), N,/ 
(N,+N;), ¢ and a are all dependent on 
temperature, the explicit derivation of (5) 
is complicated. Consequently the follow- 
ing formula may be used instead of (5). 


H;=-—k{ (in Z;—1n Z2)/(1/7:—1/T?) } —xw 


where Z,; and Z, are the partition func- 
tions at the different temperatures 7; and 
T., and here as 7; and 7, the values of 
298.16 and 293.16°K will be used respec- 
tively. 

The excess of enthalpies of the solution 
calculated is shown in Fig. 2. From this 
figure it will be seen that a fairly large 
amount of heat, in particular when the 
value of J£=1.27 kcal./mole is used, is to 
be absorbed when dichloroethane and car- 
bon tetrachloride are mixed. 


Experimental 


In order to compare these theoretical results 
with the experiment, we measured the heat of 
mixing of dichloroethane with cyclohexane, car- 
bon tetrachloride and benzene at 25°C. 

These four materials were purified according 
to the method described in the literature and 
finally distilled by a long column of about thirty 
theoretical plates and the fractions having the 
boiling point range of 0.1°C were taken. The 
apparatus used for the measurement was already 
described elsewhere? and in this experiment it 
was improved in some points. The temperature 
sensitivity of the apparatus was 1.5x10-5°C, which 
corresponds to the heat sensitivity of 10-* cal. 


Results and Discussion 


The results obtained for the three sys- 
tems are shown in Tables I, II and III, 
respectively. Heats of mixing per mole 


7) K. Amaya and R. Fujishiro, This Bulletin, 29, 270 
(1956) . 
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850 TABLE III 
HEAT OF MIXING FOR DICHLOROETHANE- 
“ BENZENE SYSTEM 
‘ 
800 H ' Mole fraction of 4H/mole of sol. 
‘ ‘ 
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JH or JH; 


3 


100 





02 04 06 08 


Mole Fraction of Dichloroethane (DE) 
Fig. 2. 

Expt. 
— @— DE-cyclohexane 
—O— DE-carbon tetrachloride 
—le|\— DE-benzene 

Calcd. 
---A\--- 4E=1.27 kcal./mole 
=-x-—- JE=1.928 kcal./mole 


TABLE I 


HEAT OF MIXING FOR DICHLOROETHANE- 


CYCLOHEXANE SYSTEM (25°C) 
Mole fraction of 4H/mole of sol. 


dichloroethane cal. 
0.2551 260.9 
0.4065 326.5 
0.5781 330.8 
0.5781 329.8 
0.7326 271.8 
0.8457 186.0 
TABLE II 


HEAT OF MIXING FOR DICHLOROETHANE- 


CARBON TETRACHLORIDE SYSTEM 


Mole fraction of 4H/mole of sol. 


dichloroethane cal. 
0.1284 64.2 
0.2324 104.1 
0.3992 141.6 
0.5695 146.8 
0.5535 155.6 
0.7219 124.8 
0.8423 81.8 
0.9139 48.0 


dichloroethane cal. 
0.1114 6.66 
0.2026 11.5 
0.3340 17.6 
0.5084 22.6 
0.5138 19.1 
0.6740 20.2 
0.8043 16.6 
0.8938 10.9 


of mixtures are plotted in Fig. 2, in which 
the theoretical curves are also shown. 

Since the observed heats of mixing con- 
tain not only the contribution from the 
dipolar energy but also that from the 
dispersion energy, we have to estimate 
the part of the contribution from the 
latter and derive that from the former 
to compare it with the theory. A mole- 
cule of ftrans-dichloroethylene is nearly 
isoelectric with that of dichloroethane and 
has a dipole moment of zero; it seems to 
be reasonable to assume that the contribu- 
tion of the dispersion energy is nearly the 
same for both molecules. 

So we took the molecule of dichloro- 
ethylene as an imaginary molecule of 
dichloroethane with zero dipole moment 
and estimated the part of the contribution 
from dispersion forces for dichloroethane, 
using the data for trans-dichloroethylene. 
Expected heat of mixing of dichloroethyl- 
ene with three solvents was calculated for 
equimolar mixture of dichloroethylene and 
three solvents according to the Scatchard 
formula*** for three equimolar mixtures 
of dichloroethylene: 23cal./mole for cyclo- 
hexane, 18cal./mole for carbon tetrachlo- 
ride and nearly zero for benzene. 

These corrections seem to be relatively 
small for each case, so we did not make 
any corrections of the observed heats of 
mixing. Since these non-polar liquids used 
as solvents have nearly equal values of 
dielectric constant, it is not unreasonable 
to expect from the theory that the values 
of 4H; for these systems are nearly equal 
to one another. However, the observed 
values of heats of mixing, which may be 
taken as values of 4H; disregarding the 
minor corrections mentioned above, do 
not coincide with one another; the maxi- 
mum values of the heats of mixing per 


*** Joel H. Hildebrand and Robert L. Scott, ‘ The 
solubility of nonelectrolytes ”’. Reinhold Publishing Co., 
New York (1948). p. 124. 
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mole of mixture are 330cal., 150cal. and 
20 cal., for the systems of cyclohexane-di- 
chloroethane, carbon tetrachloride-dichlo- 
roethane and benzene-dichloroethane, re- 
spectively. 

These discrepancies seem to show that 
the simple assumption of taking dichloro- 
ethylene as an imaginary dichloroethane 
of zero dipole moment can not be neces- 
sarily applied to these systems to estimate 
the contribution from dispersion forces. 

As for the comparison with the theoreti- 
cal value, the value of 4H; obtained by 
the use of the value of 1.27 kcal./mole for 
4E is much greater than the observed 
value and this may be due to the overesti- 
mation of the reaction field in the simple 
Onsager model. 

By the use of the higher value of 1.928 
kcal./mole for JE to diminish the overesti- 
mation of the reaction field, rather good 
agreements between the theory and the 
experiment were obtained for the systems 
of cyclohexane-dichloroethane and carbon 
tetrachloride-dichloroethane. But such a 
higher value of JE seems to be incon- 
sistent with the experimental fact, so that 
these discrepancies may have to be ex- 
plained by considering two dipoles in the 
dichloroethane molecule with proper angles 
between them, as was done by Wada, or 
by some other more refined theory of 
dielectrics. 

For the benzene-dichloroethane system, 
the agreement is very poor and the devia- 
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tion is negative. This will suggest that 
the specific interactions occur between 
these two kinds of molecule. More quanti- 
tative discussions for these systems will 
be impossible until more data concerning 
various physical properties are accumu- 
lated. 


Summary 


For three solutions of dichloroethane 
which is regarded as a typical molecule 
having internal rotation isomers, the ex- 
cessive enthalpies arising from the inter- 
nal rotation were calculated according to 
a simple theory derived from the Onsager 
model, and were compared with the 
results obtained from the measurements 
of heats of mixing for these solutions. 
The agreement was not very good and it 
seems to owe to the overestimation of the 
reaction field based on the simple molecu- 
lar model in the Onsager model. Es- 
pecially for the dichloroethane-benzene 
system, special interactions may be ex- 
pected to exist between dichloroethane 
and benzene. 
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to Professor Y. Morino of Tokyo Univer- 
sity for his valuable suggestions. 
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On the Absorption Spectra of Hexamminecobalt (III) and Related 
Complexes. II. Theoretical Study on Shifting and Splitting of 
the First and the Second Band Due to Substitution of Ligands* 


By Hideo YAMATERA 


(Received May 25, 1957) 


In a previous paper” we have attempted 
to interpret the first and the second 
absorption band of cobalt (III) complexes 
on the basis of the LCAO MO theory. 
The conclusion on the origin of these 
bands was similar to Kuroda and _ Ito’s” 
obtained likewise from the LCAO MO 
treatment, and at the same time it was 
consistent with Tanabe and Sugano’s” 
deduced from the crystal-field considera- 
tion. 

In this paper we shall discuss the 
relation between the above-mentioned 
molecular-orbital approach and the crystal- 
field method, and then apply the two 
methods to the problem of splitting and 
shifting of the first and the second band. 


I. General Discussion on the 
Application of the LCAO MO 
and the Crystal-field Theory. 


Ia. Electronic Energy of a Complex 
of the MA,-type.—As was pointed out by 
Van Vleck”, there are three methods of 
description of electronic states of metal 
complexes: (i) the method of electron 
pair bond, (ii) the molecular-orbital 
method, and (iii) the crystal-field method. 
The first is not suitable for description 
of excited states, and the latter two have 
beer used by several authors to interpret 
spectra of transition-metal com- 
plexes'~*»°-, In most cases the two ways 
of approach have led to similar conclu- 


* This paper was presented at the Meetings of the 
Chemical Society of Japan on Oct. 30, 1955 and on Oct. 
28, 1956 (Symposiums on Coordination Compounds): at 
the 1955 Meeting, the part concerning the molecular- 
orbital treatment and the general discussion in its pre- 
liminary form, and at the 1956 Meeting, the part con- 
cerning the electrostatic treatment and the general 
discussion in its refined form. As regards the former, 
a brief mention has been made in the additional note of 
a previous paper (ref. 1). 

1) H. Yamatera, J. Inst. Polytech. Osaka City Univ., 
5, Series C, 163 (1956). 

2) Y. Kuroda and K. Ito, J. Chem. Soc. Japan, Pure 
Chem. Sec. (Nippon Kagaku Zassi), 76, 545, 762, 766 
(1955). K. Ito and Y. Kuroda, ibid. 76, 943 (1955). 

3) Y. Tanabe and S. Sugano, J. Phys. Soc. Japan, 9, 
753, 766 (1954). 

4) J. H. Van Vleck, J. Chem. Phys., 3, 807 (1935). 


sions, and have been considered by some 
authors as alternatives with a slight 
difference. 

To the present author, however, they 
seem to be so distinctly different as to be 
regarded as mutually complementary. 
This will be made clear in the following 
consideration of the the two methods on 
the common theoretical basis, and then 
in their application to the interpretation 
of experimental data. 

In general, energy of a polyatomic 
molecule (or ion) may approximately be 
written as 


BaEw'+ Seit & Bi tCl (1) 


where the first term on the right-hand 
side represents the energy concerning the 
atomic cores, the second the energy of 
the outer-shell electrons in the field of all 
the atomic cores, the third the interaction 
energy of these electrons, and CJ the 
energy of configuration interaction. (In 
this paper, ‘‘energy of an electron”’ or 
‘‘energy of an orbital’’ will refer to ¢; 
only, excluding gj;.) 

In applying Eq. (1) to the case of a 
complex of the type MA; (where M 
represents an ion or an atom of a transi- 
tion metal of the first series, and Aa 
ligand molecule or ion), we shall, to a 
first approximation, assume only the 3d 
electrons of the central metal ion to be 


5) H. Hartmann and F. E. Ilse, Z. physik. Chem., 
197, 239 (1951); Z. Naturforsch., Ga, 751 (1951). H. 
Hartmann and H. L. Schlafer, Z. physik. Chem., 197, 
116 (1951); Z. Naturforsch., Ga, 754, 760 (1951); Z. 
Angewandte Chem., 66, 768 (1954). H. Hatmann, Z. 
Naturforsch., Ga, 781 (1951). H. L. Schlafer, Z. physik. 
Chem. Neue Folge, 3, 222 (1955); 4, 116 (1955); 6, 201 
(1956); 8, 373 (1956); Recueil trav. chim., 75, 648 (1956). 
H. Hartmann and H.-H. Kruse, Z. physik. Chem. Neue 
Folge, 5, 9 (1955). 

6) L. E. Orgel, J. Chem. Soc., 1952, 4756; J. Chem. 
Phys., 23, 1004, 1819, 1824 (1955). J. S. Griffith and L. E. 
Orgel, J. Chem. Soc., 1956, 4981. 

7) Chr. K. Jorgensen, Acta Chem. Scand., 9, 116,°405, 
717, 1362 (1955). C. J. Ballhausen and Chr. K. Jorgensen, 
ibid., 9, 397 (1955). F. Basolo, C. J. Ballhausen and J. 
Bjerrum, ibid., 9, 810 (1955). C. J. Ballhausen, ibid., 9, 
821 (1955); and a number of related works made in 
Copenhagen. 
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the outer-shell electrons, and the others 
to be included in the atomic cores. This 
assumption should be valid for our 
purpose, since we shall deal with the 
electronic transitions, in which the latter 
electrons will not participate. 

In the complex belonging to the point 
group O,, the 3d orbitals are classified 
into two groups: d, and d,2_-,: which 
belong to the irreducible representation 
E,, and d:y, dyz and d., which belong to 
the irreducible representation 7.,. We 
shall discuss how the energies of these 
electrons in the complex are different 
from those in the isolated ion. 

In the isolated ion the five 3d orbitals 
have a degenerate energy «°°, but in the 
complex these orbitals will have energies 
more or less effectively altered (and conse- 
quently the degeneracy partly removed) 
by electrostatic and antibonding (or bond- 
ing) effects of the ligands and may be 
written as 


e=e°°+U i+", 


where U; represents the _ electrostatic 
energy of the electron in the field of the 
dipolar ligand molecules or the ligand 
ions and e¢;''’ represents the increase 
in the orbital energy resulting from 
the antibonding interaction with ligand 
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(1) (2) (3) (4) (5) 
Fig. 1. Schematical representation of the 
energy difference between the d; and d, 
orbitals. 


(1) No effect: for the isolated ion. 

(2) 4e=4U 
Electrostatic effect only. 

(3) 4e=AU+e"'; 
o-antibonding effect besides electrostatic 
one: for the complex, in which <z-inter- 
action is negligible, e. g., [Co(NHs)¢]**, 
if hyperconjugation is neglected. 

(4) 4e¢e=4U +6" —6'" 95 (6! gh <0) 
o-antibonding and z-bonding effects be- 
sides electrostatic one: for the complex, 
in which z orbitals of the ligands are 
vacant, e.g., [Co(CN).»]*-, [Co(NOz).6]*-. 

(5) de=4U + ey —e!"ga(€''ea> 0) 


o- and z-antibonding effects besides 
electrostatic one: for the complex, in 
which z orbitals of the ligands are 


occupied, e.g., [Co(H2O).—]**, [CoF.]*-. 


* According to the present approximation, U; cor- 
responds to the first order perturbation energy and ¢’’; 
to the second order, but not necessarily less important, 
one. 
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orbitals*. Whereas the crystal-field theory 
deals with the effect of the second term 
U; and usually neglects the third term 
e;'', the simple LCAO MO theory is pri- 
marily concerned with the third term. 
Such a situation will be shown in detail 
in the following paragraph, and schemati- 
cally in Fig. 1. 

Ib. Energy Difference hetween Two 
Kinds of d Orbital.—An approximate 
molecular orbital of the complex may be 
written as 


d= hindi? +2irGi° 


where d;° represents one of the atomic 3d 
orbitals of the metal ion, ¢;° a group 
orbital* of the ligands belonging to the 
same representation as d;°, and diy as well 
as diz is the appropriate numerical factor. 
In the case of the regular-octahedral 
complex, donor atoms of the ligands have 
group a orbitals of E, symmetry (occupied 
by lone pair electrons); the molecular 
orbital d, of this symmetry may be an 
antibonding orbital with 2, of smaller 
absolute value than, and of opposite sign 
to dim. On the other hand, the donor 
atoms can have no o but only z orbitals 
of T2, symmetry, and hence the molecular 
orbital d: of this symmetry is nearly 
nonbonding or slightly antibonding, except 
that it is bonding to some extent when 
the donor atoms have z orbitals suitable 
for bonding with the metal. 

The Hamiltonian operator for the system 
may be written as 


H=HO"'*+H°"*s yr 


cores electrons 
cores 5 cores 1 
=Hirest > H; + > Vij 
1 i<JJ 


where the first term represents the kinetic 
and potential energies of the atomic cores, 
the second the kintic energy of the outer- 
shell electrons and their potential energy 
in the field of the cores, and the third 
the potential energy arising from interac- 
tions of the outer-shell electrons. Each 
term of this expression corresponds to 
each (except the last) of Eq. (1). Now, 
H;°°’"s may approximately be written as 


Hi?’s=HM+0; 


where H™ corresponds to the energy of 
the electron in the field of the central 
metal core and U; to the potential energy 
of the electron in the field of the ligands. 
Then the energy of the d; orbital may be 
written as 


* See, e. g., foot note on p. 100. 


AS 


se ea ee ant eh 


am tr er eee 


-._ ik ce 2 co ee oe ee 
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a= farHMasde+ [aeusdeao 


(H(d,$:°) 81d, 6d YY, \eoy 
e(d;°)—e(¢;°) 
= 6° $U ei bo 


where (di) = f a Hir'dide, ¢(d;°) = 
[oeHer$.ede, H(di°, $;°) = fd Hie9idv 


and S(di°, 61°) = di? ide. The energy <«; 


of the antibonding d; orbital may be given 
by this expression, if we replace the 
subscript i with 7. In the case the d. 
orbital with only a slight z-interaction, 
the third term may be neglected. 

The third term of Eq. (1), i.e., the 
interaction energy of the outer-shell 
electrons, may be evaluated in terms of 
Slater-Condon parameters, if the defor- 
mation of the orbitals is neglected. 

It is empirically known that, if we 
replace some of the ammonia molecules 
of hexamminecobalt (III) ion with other 
ligands, the absorption maxima of the 
first and the second band will shift con- 
siderably, but the separation between the 
two maxima will undergo only a slight 
change (Kuroya’s formula: ».=»;+25, 
where »; and v2. represent the frequencies 
at the absorption maxima in 10" sec.~'). 
This allows us to make the following 
approximation in reference to Eqs. (4b) 
and (4c) below, which show that the upper 
levels related to the two absorption bands 
have the same Se; value. Thus we assume 


that the third and the fourth term of Eq. 
(1) are nearly constant* for corresponding 
electronic states of the complexes, irres- 
pective of the kinds of the ligand attached 
to the metal. Upon this approximation, 
we have only to estimate the change in 
the second term of Eq. (1), in order to 
account for splitting and shifting of the 
absorption bands caused by replacement 
of some of the ligands. Before we proceed 
to this problem, we shall correlate the 
energy difference between the two kinds 
of d orbital in hexamminecobalt (III) ion 
[Co(NH:;)<]°*, de(=¢;—e-)**, with the 
observed wavenumbers of the absorption 


a 


8) H. Kuroya, J. Inst. Polytech. Osaka City Univ., 1, 
Series C, 29 (1950). 

* If deformation of the orbitals is slight (or similar, 
even if not slight, among the complexes), the energy 
arising from interactions of electrons may approximately 
be constant. If the electrostatic or the bonding (or 
antibonding) effect is strong enough, the configuration 
interaction may be negligible. 

** The term 4e is numerically equivalent to 10Dq in 
the crystal-field theory. 
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maxima of the complex. 

Ie. Correlation between J: and the 
Absorption Wavenumbers.—In the case 
of the hexamminecobalt(III) ion, the first 
and the second adsorption band should 
correspond to the forbidden electronic 
transitions from the ground state ‘Ai, to 
the excited states '7i, and '7.,, respec- 
tively'-*®°. The electron configurations 
of these states and of the state °7,, (the 
ground state of a paramagnetic cobalt(III) 
complex) are: 


(d:y)*(dyz)*(d.)’, ‘Aig, (3a) 
(dsy) (dyz)* (dix)? (ds* ~y*) 

(dzy)?(dyz) (dix)? (dy?-22) — 'Tie, (3b) 
(dry)? (dyz)? (dix) (d.?- x?) 

(diy) (dyz)? (dzx)? (dz) 

(dey)? (dyz) (diz)? (ds*) 'T 2x5 (3c) 


(diy)? (dyz)? (dix) (dy?) 
(dry)? (dyz) (dx) (d2) (ds? ~y?), ete., °T2,. (3d) 


According to Eq. (1), the energies of these 
states may be written as: 


EC Aig) =E"' +6e2+15Fy 


—30F,—60F,-—(CJ); (4a) 

ECT \.) =EO'' +-5ee+eyt+15Fo 
—30F,,—95F,—(CTI). (4b) 

ECT»,) = E's +5 eeteyt+15Fy 

EC T 22) = Fores Ae, +2¢,+15F) 
—35F,—315F, (4d) 


where Fi, F, and F; are the Slater-Condon 
parameters and (CJ);, (CZ), and. (CI); 
represent the stabilization energies arising 
from configuration interactions. 

Then the energy difference, J:, may be 
obtained from the observed wavenumbers 
of the absorption bands, provided that 
the values of Slater-Condon parameters 
and the configuration-interaction terms 
are estimated. 

The values of Slater-Condon parameters have 
been presented by Orgel® and also can easily be 
calculated from the values of Racah’s parameters 
given by Tanabe and Sugano». The Orgel’s 
values and those obtained according to Tanabe 
and Sugano differ only slightly from each other, 
and we shall use the former, 1800cm~-! for F, 
and 150cm~! for Fy. The values of (CJ);, (CI): 
and (CJ); were estimated to be about 3500cm~', 
1500 cm! and 6000 cm~', respectively. The values 
of 4¢ was thus found to be 24300cm~! or 20450cm™! 
corresponding to the observed absorption maxi- 
mum of the first band at 21050cm~! or of the 


9) The third paper of ref. (6). 
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second band at 29500cm~', respectively. Agree- 
ment between the two values is not satisfactory. 
Further difficulty may arise, if we place a limit 
on the value of 4e required to produce a dia- 
magnetic complex by equating E(!Ai,g) to E(°T2,)-. 
The critical value thus obtained is about 21900 
cm~!, which cannot be consistent with the lower 
value of 4¢ shown above. Moreover, in the case 
of hexaquocobalt (III) ion [Co(H2O).,]** even 
the higher of the estimated 4- values (about 
19600 cm~!) cannot exceed the critical value. 

These inconsistencies might be partly due to 
some errors in the estimation of configuration- 
interaction energies, but they seem to have more 
probably resulted from that the orbitals of the 
metal in the complex were assumed to be the 
same as those in the isolated ion. As a trial, 
we have made an estimation of 4e for hexam- 
minecobalt (III) ion [Co(NHs;).]** and its limit 
for diamagnetic cobalt (III) complexes. using 
smaller values of F2, Fy, (CI);, (CI)2 and (CI)s. 
By the use of their values 20% reduced, we have 
obtained 23650cm~-! or 22340 cm~! as the Je value 
for this complex and 17500cm~! as its limit. 
Such a decrease in the values of the parameters 
seems probable, since the amount of positive 
charge on the cobalt in a complex should be 
considerably less than three. In addition, this 
limit of 4e will disclose why many cobalt com- 
plexes, even those such as trifluorotriammine- 
cobalt (III) [Co(NH;)3F,], are diamagnetic and 
hexafluorocobalt (III) ion [CoF,]*- is paramag- 
netic, since, from the spectral data! of trans- 
difluorotetramminecobalt (III) ion [Co(NHs3)4F2]*, 
the 4e value may be smaller by 8000-9000 cm~'! 
in hexafluorocobalt (III) ion [CoF,]*- than in 
hexamminecobalt (III) ion [Co(NHs3),]**. So 
we tentatively suggest the following values: 
4e =—23500 cm~! for hexammine cobalt (III) ion 
[Co(NHs).]**+, and 4e> 17500 cm~! for diamagnetic 
cobalt complexes*. 


II. Molecular-orbital Prediction 
of Shifiting and Splitting 
of the Bands 


In the preceding chapter we have 
discussed the problem of applying the 
crystal-field and the LCAO MO method to 
the metal complexes, and correlated the 
absorption spectra of cobalt(III) complexes 
with the energy difference between the 
orbitals d; and d:. 

In this and the following chapters, we 
shall discuss the interrelation of the 
absorption spectra of the six types of 
complex, CoA;, CoA;B, cis- and ftrans- 
CoA,B:, cis- and trans-CoA;B; (the sign of 
the charge is omitted), where the B ligand 
occupies the positions indicated in Table 


10) M. Linhard and M. Weigel, Z. anorg. allgem. 
Chem., 101, 271 (1952). 

* These values are slightly different frcm those given 
by Tanabe and Sugano (ref. 3) and by Orgel (the third 
paper of ref. 6). 


II below. As was mentioned above, each 
of the excited states of CoA; related to 
the first and the second band is triply 
degenerate. By replacement of some of 
the ligands the degeneracy may be partly 
or completely removed, and splitting of 
the bands will occur. The result of the 
qualitative consideration on the basis of 
the group theory is included in Table Il 
below. 

IIa. CoA,-like Description of the 
Complex of the Lower Symmetry.—We 
shall first consider the CoA;B-type of 
complex, which has the symmetry C,,. 
In this symmetry, the orbitals* d., d.’_, 
and d,, belong to the representations A), 
B, and B,, respectively, and both d,. and 
d., belong to E. Then the ground state 
of this complex is (d:y)?(dyz)°(dzx)*, ‘Ai, 
and the excited states might be written 
as follows: 


(dxy) (dy:)* (dix)? (dx? -y?), 1A), 
(dzy)* (dyz) (dzx)?(dx?-y°) 1 
(dry)? (dyz)* (dix) (dx*-y?) J 
(d:y) (dy:)* (dzz)* (dz), 1B), 
(diy)? (dyz) (dzx)* (dz) 1 
(dxy)? (dyz)* (dix) (d.2) } 


However, we must take into account the 
configuration interaction which may mix 
the two states of the same E symmetry. 
In doing this we note the fact that the 
geometrical structure and the spectrum 
of CoA;B are only slightly different from 
those of CoA,;. This fact allows us to 
make a reasonable assumption that as a 
result of configuration interaction we 
should have each state of CoA;B corres- 
ponding to each of CoA;. The two pairs 
of £ states thus obtained are: 


IF, 


FE. 


(dis) (dy:) (d..)(—5 $d._p—-3V Bd: ‘)) 
‘RE, 

(ds) (dy2)*(dex) (dtp + ZV 3a.) 

(d.y)°(dyz) (dex)? (FV 3a. yopde ) 


rm 1 ‘EB, 
(dry)? (dyz)° (d:x) (—3v 3 x? silt ane I 


where the four orbitals described in linear 
combinations of d,:_,: and d,z correspond 
to dy,2-22, d.2-x:2, d,z and d,z of CoAs, 
respectively. Therefore, in spite of the 
fact that CoA;B have none of the orbitals, 


* In this paper, dz2, dy2 2, etc. represent the molecu- 
lar orbitals of the compte, i.e., the deformed atomic d 
orbitals. 


ti 
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d,y:_.2, d-x2, d,: and d,?, we shall use these 
notations in the sense given here. 

The situation is similar in the cases of 
trans-CoA;B, and trans-CoA;B;, where we 
can use the same approximate notations 
as above. On the other hand, the situa- 
tion is different in the cases of cis-CoA,B, 
and cis-CoA;B;, where these approximations 
cannot be justified. However, it will be 
shown in the following paragraph that 
consideration on these (suppositional) 
orbitals is still of great convenience for 
the disussion of the electronic transitions 
corresponding to the absorption bands. 

In cis-CoA,B», the electron configuration 
of the ground state may be written as: 


(dxy)* (dy: + 2x) (dy: zx)”, Ai, 


where dyzt2x = (1/V 2 )(dyz + dx) and 
dyz-2x=(1/V 2 )(dyz—dzx). In this case, 
instead of d,, and d., themselves, their 
linear combinations should be the molecu- 
lar orbitals of the complex, since the 
z'- and the x’-axis required by the sym- 
metry of the complex should bisect 
respectively the +x- and the y-axis, and 
y'-axis should fall on the 2-axis (as is 
shown in Fig. 2)*. The electron configura- 





Fig. 2. Axes of cis-CoA,Bp. 

tion of the excited states in a simple 
molecular-orbital method may be written 
as follows: 


(dry) (dyz+2x)*(dyz-zx)*(der-y), *Bi, 
(diy)? (dyz+2x) (dyz-zx)’(dx*-y*), @'Ab, 
(diy)? (dyz+2x)*(dyz-2x) (dx?-y’), @' Bo, 
(diy) (dyz+2x)*(dyz-zx)*(dz"), "Ai, 
(diy)? (dyz+2x) (dyz-zx)*(d.2), b'B,, 
(diy)? (dyz+2x)*(dyz-zx) (d.2), b'A:, 


where @ and 6b are used to distinguish the 
two states belonging to the same repre- 
sentation. As a result of configuration 
interaction, we shall take the following 
linear combinations instead of the simple 


* It is also possible to take the new axes in an 
alternative manner; the x*- and the y’-axis may be in- 
terchanged. 


same types of orbital 


a'Ab, a'B,, b'B, and b' A>. 
(aA) =5(a'A)+5V 801A), 
(a"B.)=+(a'B.) ++V 3 (6'B.), 
(0B) =—-2V3 (a'B.) +4 (0B), 
2 2 
(6"A.) =—3V 3 (a'A) +3(B'A,). 


These states of cis-CoA,B> correlate with 
each electron configuration of the excited 
states of CoA; (the expressions (3b) and 
(3c) in the preceding chapter) as follows: 


Tie: ‘Bi, A/V 2 ){(a"A,)+(a"B:)}, 
(1/V 2 ){--(a"' A») +(a"'B,)}, 

'T..: ‘Ay, A/V 2 ){(b"A,) + (6"B:)}, 
(1/V 2 ){b"'A.)—(b"B.) }. 


To the approximation we are adopting, 
the pair of states (a''A,.) and (a"B,) will 
have the same energy, and accordingly 
their linear combination will also have 
the same energy as the component states. 
This is also the case with the other pair. 
For this reason, an approximation, with 
which cis-CoA,B, is assumed to have the 
as CoA,, will be 
applied in the following paragraphs. 

A similar discussion should also be 
relevant to cis-CoA:;B;; its details, however, 
are too complicated to be mentioned here. 

IIb. Effect of Replacement of Ligands 
on the Antibonding Interaction Energy 
of d Orbitals.—Now we shall discuss how 
the replacement of ligands changes the 
antibonding (or bonding) interaction energy 
of the d orbital (<j in Eq. (2)); the change 
in the electrostatic energy (U; in the 
equation) will be discussed in the follow- 
ing chapter. As was already shown in 
Eq. (2), the antibonding (or bonding) 
interaction energy may be written as 
follows: 


_ _1H(d;,9;)—S(d?, 95) e(dj) 
_. e(d;)—«(0%) 


With the usual approximation that 
H(d?,%;) is proportional to the overlap 
integral S(d;,¢;), <¢;/ will be proportional 
to the square of the overlap integral. 

We shall, for the present, assume that 
the orbitals d,,, dy: and d., are nonbonding, 
and discuss only the change in S(d{:_,:, 
622_y2) and S(d:2,¢::) due to the replace- 
ment of ligands. From the _ explicit 
representation of the group 4%; orbitals*, 
the following relations can easily be seen: 


(5) 
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S(dy? yx? y=(/V 4 ){S(die y2y04x) 
+S(d{2 y2, O- x) —S(d;? y2y Ory) 
—S(d:2 y2,O-y)}, 

S(d‘2, 6:2) = (1/V/12) {2S(d:2, 6% :) (6) 
+2S(d:2, 0°2)—S(dz2, a} x) 
—S(dz:, 02+) —S(d%2, ay) 
—S(d‘2, 0° )}. 


where S(d‘?_,2,¢%:), for example, repre- 
sents the overlap integral of d‘:_,: and 
o+ (the o orbital of the ligand on the 
+x axis). From the angular dependence 
of the d functions, the following relations 
will easily be obtained for the CoA;-type 
of complex. 


Sa(dy?- 52, O:?- 2) = Sadi, 022) =Sa, 
Sa(dz2-5?, 04) =Sa(dy? y?, O-x) 

= —-S,(d}? y2y O+y) 

= —Sa(di?_ 52, ¢°y) =(1/2)Sa, 
Sa(d2, 022) =Sy(d:2, 0°.) =(1/V 3 )Sa, 


Sa(d:2, O4x) =S,(d:2, o x) 
Sa(di:, 03 y) =Sa(d52, o~y) 
= --(1/4/12)S,, 


where the subscript A refers to CoA,. 
When one of the ligands A was replaced 
by another ligand B, the change in 
S(dz2- 52, @;2-y:) and S(d::, 9%) will depend 
on the position of the replacement as well 
as on the nature of the ligands A and B. 
In order to separate these two factors, we 
shall use a notation S, of the following 
definition : 


(7) 


S,=S, or Sy, according to whether the 
yr position is occupied by Aor B, (8) 


where 7 stands for +4%, --x, +9, —y, +2 
or —z. Then, making use of the relations 
(7) and (8) in Eq. (6), we can obtain the 
following expressions for any complex of 


the CoA, »By-type : 
S(d$2— 52, 952-52) = (1/4) (S..4+S_; 
+S. ,+S_,), 
ee ' (9) 
S(d52, 6-2) = (1/12) (4S.24+-4S_: 
+S.2+S_.+S.,+S_). 


Thus we can expect that a replacement 
in the -tz position will have no effect on 
S(dé2_y2, 652-52), whereas on S(d{:,@%2) it 
will have four times as large an effect as 


that in the +x or -+y position. 
¥ 32-y52=(1 af 4)02 5 a-,—asy—a"y), 
$22= (1/4/12) (209 2+ 20°; 
. a+ g—~@O-»% ooy a°y), 


where the overlap of o° orbitals was neglected. 
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If the change in S, JS, is small, the 
change in S’ may be nearly equal to 2SJ4S. 
The numerator of Eq. (5) is thus expected 
to change in proportion to JS. 

The value of ¢; will also depend on 
e(d;) and ¢(¢;), which appear in the 
denominator of Eq. (5). The change in 
e(dj) due to the replacement is likely to 
be much smaller than that in ¢(¢;). 
Therefore we shall consider the latter 
only. The explicit forms of the ¢;:_,2 and 
6:2: orbitals* will lead to the following 
expressions for any octahedral complex 
of the CoA, ,B,-type: 


e(O52_52) = (1/4) {e(o%s) +e(a°x) 
+2e(aSy)+e(a°y)}, 


e(@:2) = (1/12) {4e(052) +4e(652) +2 (o52) 
+2(o°,)+e(aty) +2(a°y)}, 


where <(o0;{;), for example, represents the 
energy of the o orbital of the ligand on 
the +x axis. These expressions have 
quite similar forms to the expressions(9), 
and accordingly we can expect that the 
different ways of replacement of the 
ligands will have relative effects on 
2(652_,2) and ¢(¢::) similar to those on 
S(di?_~52,0;2-y2) and S(dz2, @22). 

A combination of the results obtained 
above will lead to the conclusion shown 
in Table I. The same conclusion may 


TABLE I 
CHANGE IN ¢'y2_y2 AND €7: DUE TO THE 
REPLACEMENT OF THE LIGAND A WITH B 
IN EACH POSITION OF THE COMPLEX 


Position of replacement +2 +2 +y 
. a. i. - 
Change in ¢y2_y2 0 4% To 
. er, Re Bs ae 
Change in ¢-:2 3% j5% 9% 


The parameter 6, denotes the difference 
between CoA, and CoB, in ¢}. 


also be obtained with the rough approxi- 
mation that the relative effect of the 
replacement is proportional to the electron 
density of the d orbital in the direction 
concerned. 


IIc. Prediction of the Shifts of the 
First and the Second Band Due to 
the Replacement of the Ligands. — The 
prediction is made in Table II. As regards 
the effect of the change in go-interaction, 
represented in terms of 6., consideration 
has been made above, and the result shown 
in Table I was utilized for the preparation 
of Table II. The effect of the change in 
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TABLE II 
PREDICTED SHIFTS OF THE FIRST AND THE SECOND BAND DUE TO THE REPLACEMENT 
OF THE LIGANDS (RESULTS OF THE MOLECULAR-ORBITAL TREATMENT) 
Electronic CoA;B trans-CoA,B, cis-CoA,Be trans-CoA;B,; cis-CoA;B; 
transition (+2) (+2, —2) (+2, +9) (+2, —%, +2) (+4, +y, +2) 
1 1 1 Ris Do - 
gay dst-y 0 (Az) 0 (Azg) ra 9 oe (Bi) ge + ee (A2) o°e ot 
g 
pe ce 1 1 1 1 i 1 
Body. >dyr 22 te ari oe tye Tie tie “poe 02(Bs) =e “y3x(Az, E) 
2 (E) _ (Ex) (A:, B:) c 
= d d -” Bi Ba -» a >. 35 (B,) Ru az 
-” >A z2-x2 0 ~, Cx 9 Ce Bx | let, Cz y o«, Cx “9 Vet “O 
2x 2 4 Ve 47% 2° 9°? a" 1 i r 0 4 ) 1 2 ) 2 ™ 
on 1 2 1 1 1 1 1 1 
F dry dz "300 (Bz) 3% (B2-) ra ri (A) ye oo (Ag) 900 9 oe 
3 1 1 1 1 5 1 3 1 Rw 1 
§ dy, de Tobe + Oe qiv+ te 1900 + yds “poe p8e(Bs) G0 +732 (Av E) 
2 (E) _ (Es) (Az, B:) a 
eo aS ae c fs. ?- 35 (B,) 1, .1; 
oo ca ey? jol!e | Cx a en qare ,c2 . et 7 ox i » Ve x 
Z zx y 12 4 0- 6 7) 9 On 12” 4 0) 4 7) 4 0 9 * 
(+z), (+2, —2z), etc. show the position of the replacement, and (A,), (£), etc. are the 


symmetries of the excited states. 


z-interaction, represented in terms of dz, 
was easily estimated on the assumption 
that the z-interaction is a small perturba- 
tion. 


III. Crystal-field Prediction of 
Shiftiag and Splitting of the Bands 


In the preceding chapter we have 
considered the problem of shifting and 
splitting of the first and the second band 
on the basis of the molecular-orbital 
theory. In this chapter we shall treat of 
the same problem on the basis of the 
crystal-field theory. 

IIIa. Energy of Electrostatic Inter- 
action of the Orbital Electron with a 
Point Charge or Dipole.—The applied 
method of calculation is very sitmilar to 
that given by Ilse and Hartmann'”, 
although a slight refinement has been 
made. Electrostatic interaction between 
an orbital electron and a point charge 
(—Z) may be written as follows: 

-\k 
u’(n, l,m) =Z [ivan eel Ss] 


T> * 
xP; (cos #)r’°drsin 6 dé d¢ 


=ZX1(n, 1 Jr(b,m), 


where ¢°,),m is the wave function of the 
electron with quantum numbers zw, / and 
m, f>=R and r<=r if R>r, 7>=7r and 
r<=R if r>R,P:(cos@) is Legendre func- 
tion of the Ath order, 7,0,6 are the 


11) F. E. Ilse and H. Hartmann, Z. physik. Chem., 
197, 239 (1951). 


coordinates of the electron, and RF is the 
coordinate of the point charge on the 
coordinate axis. The radial part of the 
integral(including the normalization factor 
of that part) is represented by /;(2,1) and 
the angular part by J:(l,m). 
For a point dipole with a dipole moment 
the electrostatic interaction energy 
will be 


u“(n, l,m) = Ti (nD Jill, m), 


where [= --(dI;/dR). 

When a ligand has a charge as well as 
a dipole moment, the total energy of 
electrostatic interaction between the ligand 
and an orbital electron will be 


tt 
oe? 


wu=u'+u". 


As for the 3d electrons, I,J; and Ix"Je 
are different from zero, only when k=0, 2 
and 4. The results of calculation are as 


follows: 
I,(3d) =R~'!—R~'e~*°{ (2/45) 0° + (2/9) 4 
+ (2/3) 0° + (4/3) e° + (5/3) 9 +1} 
=, 
I,(3d) =14R —R-~'e~*{(2/9) 
+ (10/9) o'+ (11/3) e°+ (28/3) ep” 
+ (56/3) 0 +28+289 '+140~°} 
=14R , 
1,(3d) =315R-'0~-'-—-R~'e~ *°{ (2/5) 9° +20 
+80°+280°+840+210+4200~! 
+6309 ~?+6300 ~°+315p ~*} 
=315R-'p-', 


‘o 


‘o 
{ 
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I,"(3d)=R~*, I."(3d)=42R-*o ~’, 
I," (8d) ~1575R-“p~', 
J\(l,m)=1 (for every value of land m), 
J2(d,0) =2/7, J2(d, +1)=1/7, 
J2(d, +2) =—(2/7), 
J:(d,0) =6/21, Ji(d, +1) =—(4/21), 
ING 2]=1/A, 
where the Slater atomic orbital was 
used in the calculation of J;,(3d) (9=£R, 


C=Zere| Mess). 
Thus we obtain: 


u(3d,0) =r '(1+49 -°+-900~*) 
u(3d, *-1)=R-'(1+29 *--602°‘) > (10a) 
u(3d, +2) >R-'(1--49 *+15p ~*) 
wu" (3d,0)="R *(1+129 °+4509° ') 
u" (3d, +1) ="R~°?(1+69 “--3009 *) ; (10b) 
u" (3d, +2) = “R-?(1--120 °+-75p ~*) 


It is convenient for our purposes to 
take the d orbitals such as d@,2, dy?_ 2, ds;, 
etc. rather than the d orbitals classified 
by the magnetic quantum number. If the 
axis of the spherical coordinate, on which 
the point charge (and dipole) lies, is taken 
as the z-axis, the following relations will 
easily be found: 


u(2’)=u(O), u(x’-—y’) =u(xy) =u(2), 
u(yz)=u(2zx)=u(1), 


1 3 
u(x’) =u(y’) . u(Q) w u(2), (11) 


u(y’ —2°) =u(2’—2x’) = 7%) +5u(2). 


where 2’, x’--y’, etc. stand for d., dx’ ,°, 
etc., and 0, 1 and 2 represent d orbitals 
with magnetic quantum numbers 0, -+1 
and -£2, respectively. 

IIIb. Electrostatic Energy of the 3d 
Electron Arising from the Interaction 
with the Six Ligands Regarded as Point 
Charges (and Dipoles). Effect of Re- 
placement of the Ligands.—In a complex 
MA, of the O; symmetry, the total electro- 
static energy of the 3d electron of the 
metal, arising from interaction with the 
six A ligands, can easily be calculated by 
the use of Eq. (11) and similar equations 
for a charge (and dipole) on the x- and 
the y-axis: 


Uy (2’) =U (x —y’) =3u, (0) +324 (2), 
Uy (xy) =U (y2) = Uo (2x) =4u,(1) +2u,(2), 


where the subscript A refers to the ligand 
A. The difference in electrostatic energy 
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between the two kinds of d orbital are 
then: 


4U) =3u,(0) +%,(2) —4u,(1). (12) 


For a complex MA-;B (with B on the z- 
axis), the following relations can be found: 

U (2°) =U) (2’) + 4u(0) 

U(x!) =Us(2!) +7 uO) +7 du(2) 

U(x’ —y’) =U) (x’—y’) + 4u(2) 


U (9° 2") =U (x’—y += 4u(0) +i 4u(2) 


U, (xy) = U (xy) + 4u(2) 
U, (yz) =U, (xy) + 4du(1) 


where U; and U, refer to MA:B and MA, 
respectively, and 4Ju(m) is the increase 
in electrostatic energy of the orbital 
electron (with the magnetic quantum 
number mm) due to the replacement of the 
ligand A on the z-axis with B. In the 
case of the cobalt (III) complex, shifting 
of the sub-bands of the first and the 
second band will thus caused as follows: 


Ib: U;(x°—y’) —U, (“y) 
=U, (x’—y") —U) (zy) =14Ui, (13a) 
Ia: U,(y’—2’)—U (yz) 


= AU) + du(0) +5 du(2)—4u() 

= 4U +6, (13b) 
IIb: U\(z’) —U; (ay) = JU, +4u(0) — 4u(2) 

= AU) +6, (13¢) 


ITa: U(x’) —U;(y2) 
= 4U)+ 4 du(0) +}. ydu(2) —Ju(1) 
= MU) +63. (13d) 


These equations show that the sub-band 
Ib will not be shifted, while Za, JJb and 
Ila will be shifted by the magnitudes 41, 
6. and é;, respectively. (The Jb and the 
IIb sub-band correspond to the absorptions 
which are only slightly induced by the 
light polarized in the z-direction.) 

The result of similar calculation for 
each substituted complex is shown in 
Table III. 

Ille. Polarization of the Ligand in 
the Electric Field of the Central Metal 
Ion.—If we assume an ionic model for a 
metal complex, the ligand molecule or ion 
should be affected by the strong electric 
field of the central ion, and thus be 
polarized very strongly. The polarizability 
of a molecule or an ion in such a strong 
field should be dependent on the field 
strength F, and will be represented by 


yr =e et 
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TABLE III 


PREDICTED SHIFTS OF THE FIRST AND THE SECOND BAND DUE TO THE REPLACEMENT 
OF THE LIGANDS (RESULTS OF THE CRYSTAL-FIELD TREATMENT) 


Electronic MA;B trans-MA,B, 
transition (+2) (+2, —z) 
The ( dxy- »dx2_, 0 (A2) 0 (Azg) 
first 1 dy,ody, 6, 26; 
band js. & 23, ‘F#) 
zx—?G@z2_ x2 1 
The dyy—d;2 62 (Bz) 262 (Beg) 
second { dy,—d,2 63 (E 263 E,) 
band diwali  é, ) 2a, (Ey 


(+z), (+z2,-—2), etc., show the position of the replacement, and (A2), (E£), etc. 


symmetries of the excited states. 


a, +8F’. An approximate expression for 
the induced dipole moment of a molecule 
in a strong field has been given by Coulson 
et al.’ as follows: 


{E—E, 1) 8M 


+) a FF 4 

“| 45kT 10f/(E.—E,)** * 
where. M is the moment of the first 
allowed transition and £.—E£, its energy. 
We have made use of this expression and 
estimated the dipole moment of an am- 
monia moiecule and of a chloride ion in 
a cobalt complex: 


NH; = 1.47 X 10-18 +-2.26 x 10-“F 
+5x10°-°F? e. s. u. 
=0.578+1.08Z+35Z° atomic units, 
(14a) 


Hci =3.05 xX 10-4“F+9x10-*F? e. s. u. 
=1.06Z+25Z° atomic units, (14b) 


where Z is the charge on the central ion’, 
and the distances between the central ion 
and the ligands were taken as 3.76 and 
4.40 atomic units, respectively, in the 
replacement of F with Z. (These expres- 
sions will be good approximations only 
for small values of Z, i.e., for Z<0.2.) 
IIId Calculation of the Position of 
the Bands on the Assumption of the 
Ionic Model.—As was mentioned in a 
previous chapter, the positions of the first 
and the second band of [Co(NH:;),]°* are 
closely connected with Je, the energy 
difference between the two kinds of 3d 


12) C. Coulson, A. Maccoll and L. E. Sutton, Trans. 
Faraday Soc., 48, 111 (1952). 

* If the electrostatic effect of the ligands is taken 
into account, Z should be considered as the effective 
charge at the position of the central ion,—the effective 
charge required to produce the electric field at the posi- 
tion of the sixth ligand, which is equivalent to the field 
produced by the central ion and the other five ligands. 


cis-MA,B2 trans-MA;B; cis-MA;B, 
(+2, +y) (+2, —2, +2) (+2, ry, + 2) 
26, (B;) 26; (Az) 26; 
6 ”) B 26 A, E 
- (As, Bs) _ (Be) i (Az ) 
oO; 36; (B,) 26, 
203 (A) 62 +263 (Ag) 62+ 263 
ni ~ (As, Bs) sahil 63 (Bz) 2 t ” (A, E) 
62+ 63 36, (B;) 62 +20, 


are the 


orbital. If we assume the ionic model, Je 
will correspond to 4U) in Eq. (12), which 
may be calculated by means of Eq. (10b) 
as follows: 


4e=4U)=2625 aR’ pi’. 


The result of calculation with #a=/tnn, 
(Eq. (14a)), Ra=3.76 and p,a=2.3X3.76 is 
shown against Z in Fig. 3. 





0.4 
0.3 
N 
0.2 
- observed 
| 
0.2 0.4 0.6 0.8 1.0 
AU, (atomic units) 
Fig. 3. Relationship between the charge 


on the cobalt (Z) and the crystal-field 
splitting of d-level(4U))in [Co(NHs)«]**. 


The magnitudes of shifts of the sub- 
bands due to the replacement of the 
ligand A (NH;) with B (Cl~), given in Eqs. 
(13a)—(13d), may be obtained in the fol- 
lowing expressions by the use of Eqs. 
(10a) and (10b): 

6: = (525/4)D,, 
62=8D.+75D,, 
63;= —4D, + (375/4)D,, 


D:=ZR3'P3°—-ZaRi' Px’ 
+3e¢BRp Pp —3HaRi' Pa’, 

D,=ZpRj'03'—ZaRi' pi' 
+3taR3’ Pp'—3 aR’ Pa'. 

The results of the numerical calculation 


by the use of Eqs. (14a) and (14b) are 
shown in Fig. 4 for Z=0~0.4. 


(15) 


where 
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effects parameter values on 
considered assumed -4 -2 0 -4 -2 0 2x10°cm"! 
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Fig. 4. The predicted and the observed positions of the bands of [Co(NHs3);Cl]?+. 


IV. Comparison of the Theoretical 
Prediction with Observation 


We shall compare observed features of 
shifting and _ splitting of the bands 
primarily with the molecular-orbital pre- 
diction (Table II). It must be mentioned 
here that the success of the molecular- 
orbital prediction in interpreting the 
observed data will not necessarily exclude 
the electrostatic consideration; in this 
connection further mention will be made 
below. 

IVa Existence of the Unshifted Sub- 
band in Mono- and trans-Di-substituted 
Cobalt (III) Ammines.—Absorption spectra 
of mono- and (trans-di-substituted cobalt 
(III) ammines have been studied exten- 
sively by Linhard et al.'*”, who found that, 
in acido- and halogeno-pentamminecobalt 
(III) ion, the first band was split into two 
sub-bands, Ja and Jb, and, while the 
stronger Ja shifted to longer wavelengths, 
the weaker Jb did not change its position 
of the first band of hexamminecobalt (III) 
ion. They also found that this feature of 
splitting was observed more distinctly in 
the case of tvans-disubstituted complexes, 
but the feature was different for the cis- 
isomers. 


13) M. Linhard and M. Weigel, Z. anorg. allgem. 
Chem., 264, 321 (1951); 266, 49 (1951); 271, 101 (1952), 
etc. 


A quantitative study on the dichroism 
of crystals of tvans-dihalogeno-bis(ethy]l- 
enediammine)cobalt(III) salts was made 
by Yamada et al.'», and one of their 
results is reproduced in Fig. 5. It 





Frequency, (v), 10!*/sec. 


Fig. 5. Absorption spectra of 
([Co(en) -Cl.]C1O,!®. 


shows that, at the Ja band, both polarized 
lights are more or less strongly absorbed, 
whereas at the Jb band the light polarized 
in the direction of the a-axis, which is 
nearly parallel to the Cl-Co-Cl direction, 
is only slightly absorbed. 

All these observed facts are predicted 
in Table II. By a glance at it, one can 
expect that a sub-band without shift will 
appear only in the first bands of CoA;B 


14) S. Yamada, A. Nakahara, Y. Shimura and R. 
Tsuchida, This Bulletin, 28, 222 (1955). 
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and trans-CoA,B2. As for the polarization 
of the transition, a more detailed explana- 
tion seems to be necessary. 

All the transitions listed in Table II are 
more or less completely forbidden transi- 
tions, which will become allowed by 
coupling with suitable vibrational transi- 
tions. The required symmetries of the 
vibrational transitions to make each 
electronic transition allowed through 
coupling, and the direction of the transi- 
tion moment in each case are shown in 
Table IV. Since no vibration of the 


TABLE IV 
COUPLING OF THE ELECTRONIC AND THE 
VIBRATIONAL TRANSITION AND THE DIREC- 
TION OF THE TRANSITION MOMENT (FOR 
trans-CoA,B:) 


Symmetry Required Direction 
Electronic of the symmetries of 
transition excited of vibrational transition 
state transitions moment 
. f(Aiu) (2) 
dx, rd y 'Aog \Ey x, y 
SS IE ica Boxy x, Jy 
dzx > 22 - x2 sd Ey, 4 
= 5 f(Bix) (z) 
dxy d,2 1Bog \Ex x, y 
dyz rd x2 \ 1F, (Ba) Agu, (Bix), Boy x, » 
dz,->dy? 8 E, z 


symmetry given in parentheses is present 
in trans-CoA,B., we should expect that the 
transition d,,>d,2-y2, which corresponds 
to the Jb band, will not absorb the light 
polarized in the z-direction (the Cl-Co-Cl 
direction), while the transitions d,,->dy?- 
and d.,—d,2-,2 will absorb both lights 
polarized in the directions parallel and 
perpendicular to the z-axis. This is in 
quite agreement with the observation. 
IVb Relative Magnitude of the Shift 
of the First Band in Connection with 
the Number and the Position of Substi- 
tution.—The shift of the Ja band was 
found by Linhard et al.’ to be about 
twice as great for a trans-disubstituted 
complex as for the corresponding mono- 
substituted one. For the cis-disubstituted 
complex which shows no marked splitting, 
the shift of the first band was intermediate 
between those of the Ja bands of the 
mono- and the tvans-di-substituted complex. 
Later they found, however, the splitting 
in the case of the cis-form, too. Although 
no explicit statement was made by them, 
it seems to be shown in their figures of 


15) R. Tsuchida and M. Kobayashi, ‘“‘ The Colors and 
Structures of Metallic Compounds” (in Japanese), 
Zoshindo, Osaka, 1944, p. 184. 
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the absorption curves that the positions 
of the less and the more greatly shifted 
sub-band are in the neighborhood of the 
Ta band of the corresponding mono- and 
the frans-di-substituted complex, respec- 
tively. All these are predicted in Table II. 

IVe Dissimilarity between the First 
and the Second Band in Dichroism.— 
Crystals of many kinds of cobalt (III) 
complex salt were quantitatvely examined 
in dichroism by Kobayashi’, who found 
the first and the second band to behave 
dissimilarly, as is shown in Table V 


TABLE V 
POSITION OF THE ABSORPTION MAXIMA OF 
THE CRYSTALS OF COBALT(II1) COMPLEX 
SALTS MEASURED WITH POLARIZED LIGHT!) 
With the light 
polarized in the 


Complex salt direction of 


a-axis b-axis 
[Co(NHs);CI}SO,-2H,O = [*! 6-4 > 25-0 
[Co(NH,)sCOsINO-H.O  {%" §8°5 99°p 
[Co(NH;);C,0,]Br- 1-H.0 es ‘3.0 2 
(Co(NH,)CO,|Br (* me 79.4 
(Co(NH,)4(HzO)C1}CI (oh toa 838 
[Co(NHs)(Hs0)CNSO, — {*! 203 gag 


The notations v,; and v2. mean the frequencies 
of light at the first and the second absorption 
maximum (in 10" sec~'). 


(partial reproduction of the result given 
by Kobayashi). In every case, the first 
and the second band were shifted to 
mutually opposite directions with altera- 
tion of the direction of polarization of the 
light. 

This feature of shifting of the bands 
may also be predicted in Table II. It was 
mentioned in the preceding paragraphs 
under 1Va that in frans-CoA,B, the transi- 
tion d,y—> d,2_,2 will not be caused by ab- 
sorption of the z-polarized light. The same 
statement is also valid for d,,>d. in place 
of d:y—>d,?-y?, as is seen from Table IV. 
This selection rule will not so strictly 
hold in the cases of CoA;B and cis-CoA,B, 
on account of their lower symmetries, but 
it is very likely that the transitions 
diy>d,-y2 and dyy->d will be caused 
much less strongly by absorption of the 
z-polarized light than by absorption of the 
x- or the y-polarized light. Then it can 








106 


be seen in Table II that if we change the 
direction of polarization of the light from 
z to x or y, the first band will be shifted 
to the blue and the second to the red in 
the cases of CoA;B and ftrans-CoA,B>, and 
to the reversed directions in the case of 
cis-CoA,B, (6c is assumed to be a negative 
quantity in cm.~' or sec.~' and 6, to be 
much smaller than 6, in the absolute 
value, as is the case with most of the 
substituted ammines). Thus by assuming 
favorably either of the a- or the b-axis in 
Table V to be nearly parallel to the 2z- 
axis, we can interpret satisfactorily the 
qualitative feature shown in the table. 

IVd Difference between the Two 
Isomers of the CoA;B;-type of Complex 
in the Absorption Curve. — Absorption 
spectra of the a- and the §-isomer of tris- 
(glicinato)cobalt (III) were measured by 
Shimura and Tsuchida’. The first band 
of the §-form was found to be normal, 
while that of the a-form was found to 
show distinct indication of splitting. It 
was empirically concluded by them that 
the a-form should correspond to ¢trans- 
form (more correctly cis-trans-form as 
named by them) and the §-form to cis- 
form (cis-cis-form). Theoretical prediction 
in Table II is in agreement with this 
empirical conclusion. 

IVe The Less Distinct Splitting of 
the Second Band.—If the change in a- 
interaction were the only important reason 
for the splitting of the bands, the extent 
of splitting should be the same for the first 
and the second band. But many experi- 
mental results show that the splitting of 
the second band is less distinct than that 
of the first. This may be explained by 
considering (a) the z-interaction, (b) the 
electrostatic interaction with the ligands 
(the ‘‘crystal field’’), and (c) the con- 
figuration interaction. 

The effect of (a) has already been given 
in Table II. As regards the first band, 
this effect of z-interaction on the shift of 
sub-bands is proportional to that of a- 
interaction, whereas concerning the second 
band the z-effect is smaller for the sub- 
band of larger o-effect and it will make 
the splitting narrower. (Here 6, is assumed 
to be of the same sign as dz, as is the case 
with the replacement of the ammonia 
molecule with a halide ion.) 

As will be mentioned below, the electro- 
static effect (b), given in Table III, may 
be partly responsible for the less distinct 


16) Y. Shimura and R. Tsuchida, This Bulletin, 29, 
311 (1956). 
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splitting of the second band. 

The effect of (c) appears to be impor- 
tant in some cases. The configuration 
interaction is small for the first excited 
state, but it is considerably great for the 
second and will be changed to an appre- 
ciable extent by the replacement of the 
ligands. Thus the observed magnitude of 
the shift of the second band may deviate 
from that predicted. The deviation is 
likely to be considerable with some of the 
multiple substitutions, such as_ substitu- 
tions of ammonia molecules with oxalate 
ions to form bis(oxalato)diammine- and 
tris(oxalato)-cobaltate(III) ions. (Shimura 
and Tsuchida'” found that, in the series of 
complex, [Co(NH:)«]**, [Co(NH;):(C20;)]*, 
[Co(NH;)2(C.0,).]~- and [Co(C.O,);]*-, the 
first band is shifted linearly, but the 
second not linearly.) 

Although these effects make the situa- 
tion complicated with the second band, 
they can at least qualitatively account 
for the observed data. 

IVf Remarks on the _ Electrostatic 
Effect and Conclusion.—In the preceding 
paragraphs, we have shown that the 
molecular-orbital consideration (Table II) 
is satisfactory in interpreting the shifts of 
the bands, if values of the parameters 
are suitably chosen and effects of the 
electrostatic and the configuration in- 
teraction are subsidiarily taken into 
account. However, the following must be 
noted: if we could choose values of the 
parameters quite freely, the electrostatic 
prediction (Table III) would be equally 
satisfactory ; i.e., Tables II and III would 


become the same for b= Pot Zoe, 
iO, and i= e+45:. (Among the 


three parameters in the electrostatic case, 
only two are independent, as is seen from 
Eq. (15).) Therefore we need to evaluate 
the parameters, before we come to a 
conclusion on the relative importance of 
the two effects, the bonding (antibonding) 
and the electrostatic. The latter effect 
was theoretically estimated in the pre- 
ceding chapter; but the former not, owing 
to the difficulty in the quantitative 
theoretical treatment. 

As is shown in Figs. 3 and 4, an 
assumption of Z=0.3~0.4 would account 
for the Je value and the shift of the 
first band, whereas any assumption of 


the Z value would not simultaneously 


17) Y. Shimura and R. Tsuchida, ibid., 28, 572 (1955). 
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interpret the shifts of all the sub-bands. 
These results appear to suggest that the 
purely ionic model, where Z=3, would be 
a bad approximation, although there are 
some restrictions in discussing the results, 
e.g., that the Z value given above should 
not be taken too literally on account of 
the poor approximation of Eqs. (14a) and 
(14b) for such a high value of Z, and 
that the results would be somewhat 
different with possible modifications of the 
assumption in the calculation*. A com- 
promising ionic model, in which electrens 
of the ligands have been partially trans- 
ferred to the 4s and the 49 orbitals of the 
metal but not to the 3d orbitals, would be 
possible, but it does not seem to be a good 
approximation. 

In the lower part of Fig. 4 are given 
the positions of the bands observed and 
those predicted in Table II (with various 
sets of parameter values, which are 
consistent with the observed shift of Ia) 
together with those predicted in consider- 
ation of both effects of the electrostatic 
and the bonding (antibonding) interaction. 
It may be seen from these that by 
considering the electrostatic effect we can 
interpret the observed data without 
assuming the z-effect to be unreasonably 
strong. 

It is very likely that the model of 
bonding (antibonding) interaction is a 
better approximation for cobalt (II1) com- 
plexes and is further improved by the 
consideration of the electrostatic effect 
(and also of the effect of configuration 
interaction), although the arbitrariness 
in choice of the parameter values prevents 
us from drawing a decisive conclusion. 

Contrary to this less ionic complex, 
however, a more ionic one would be more 
satisfactorily approximated by the ionic 
model. 


Summary 


A general theory has been presented to 
discuss spectra of transition metal com- 
plexes and to apply them to the problem 
of shifting and splitting of the absorption 
bands of the cobalt(III) complex due to 
replacement of some of the ligands. The 
problem was discussed from the molecular- 
orbital and the electrostatic point of view. 


* For example, an assumption of the polarizability 
independent of the field strength will lead to the result, 
which indicates a linear relationship between the Z 
value and the magnitude of shift of each sub-band and 
approximates the above-mentioned result for small Z 
values. 
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The relative magnitude of the shift of 
each sub-band was predicted in connection 
with the number and the position of the 


replacement. In the case where the 
molecular-orbital treatment is a good 
approximation, the shift was given in 


terms of two parameters, 6, and 6., which 
are associated with the change in the o- 
and the z-antibonding (or bonding) energy, 
respectively. With an ionic model of the 
complex, the shift was given in terms of 
the parameters, 6:;, 6. and 46; (only two 
among the three being independent), which 
are associated with the change in the 
electrostatic effect of the ligands. In this 
case, results of numerical calculation for 
the chloropentamminecobalt (III) ion 
[Co(NH;);Cl]**+ were also given on some 
assumptions. 

The agreement between the prediction 


TABLE VI 
EXPRESSIONS FOR THE ENERGY OF INTERACTION 
PETWEEN d ELECTRONS 





(aa| g\aa) = Fy) -4F,+36F,, for every d orbitals. 


(aa|g\ab) —0 , for axb. 
(ab| g\ab)=J(a,b) and 
(aa| g| bb) = (ab| g\ba)=K(a, b): 

a b J (a, 6) K(a, b) 
d,2 d2_y2, dry Fo—4F2+ 6F, 4F2+15F, 
d,2 d, » 42, Fy+2F,—24F, F, - 30F, 
dx2_ 2 dxy Fy +4F.—34F, 35F, 
d,2_, dy: ’ dzx 
dy, dy. , azz Fy—2F2— 4F, 3F2,~-20F, 
d, dzx 

(ab| g,ac) -0, with the following exceptions: 
a b c (ab| g\ac) cf. Eq. (16) 
dix, dp dpiyz —2>/3 F:+10V3 F, 
i. & dyp_y 273 F,-10V3 Fy 

(aa! g bc) — (ac| g\ ba) =0, 


with the following exceptions: 


a b c (aa! g\ bc) cf. Eq. (16) 
‘A ie . (ie /3 F,-5\/3 Fy 
dy, dz  adyt_y? V3 F.+5 V3 F, 


(ab| g\cd) =0, with the following exceptions: 
a Ys: 
d.2 dyy dix 
d,2 bs Ge Get 
d,2 dz, dxy dy: 
dy2_y2 dy dzx dyz 
dy2_y2 dgy dyz diz 


(ab| g\cd) cf. Eq. (16) 
/3 F.-— 5% é | F,; 
2+/3 F:+10V3 F, 

3 F> 15 F, 
-~3 F.4 15 F, 
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and the observation was generally satis- 
factory in the molecular-orbital case, and 
is expected to be quite satisfactory if 
effects of the electrostatic and the con- 
figuration interaction are also taken into 
account. 


We are greatly indebted to Professor 
R. Tsuchida of Osaka University and his 
co-workers, without whose extensive study 
on dichroism of the complex salts this 
investigation would have been confrgnted 
with many difficulties. We are also indebted 
to Professor M. Linhard and his coworkers 
for their invaluable works, by which 
this investigation was stimulated and 
supported. We wish to express our sincere 
thanks to Former Professor Y. Nakatsuka 
of Osaka City University and Professor 
Emeritus K. Kimura of the University of 
Tokyo for their kind encouragement 
throughout the work, to Professor R. 
Fujishiro of Osaka City University for 
his helpful suggestions, and to Mr. M. 
Mori of our Laboratory for discussions. 

We are also grateful to the Ministry of 
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Education for financial assistance. 


Appendix 


In the course of this work a set of 
expressions in terms of Slater-Condon 
parameters was prepared for the energy 
of interaction between d electrons of real 
eigenfunctions. Although some of the 
expressions have already been given by 
Orgel”, their full table will be given below 
(Table VI on p. 107). 

For the case of the real functions, the 
following general relations can easily be 
seen : 


(ab| g\|cd) = (ad| g\cb) = (cd\ g\ab) 
= (cb| g\ad) = (ba| g|\dc) = (da\ g| bc) 
= (dce| g\ba) = (be| g\da), (16) 


where 


(ab\ g\cd) = [fear c(1)d(2)dv.dvp. 
12 
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In 1931, Posnjak and Barth” interpreted 
an X-ray diffraction pattern obtained from 
an isometric modification of lithium ferrite, 
and found that its crystal structure is of 
sodium chloride type, O}-Fm3m, in which 
cations, lithium and ferric ions, are 
randomly distributed among the equivalent 
points. This crystal has variate atom 
equipoint structure. At the same time they 
observed that lithium ferrite has an 
anisotropic modification below about 600°, 
but did not explain the relation between 
these two modifications. For the cubic 
modification Kordes”, Hoffmann”? and 
Collongues and Chaudron” gave the 
lattice constants. 

1) E. Posnjak and T. F. W. Barth, Phys. Rev., 38, 

2234 (1931). 
2) E. Kordes, Z. Kryst., 92, 139 (1935). 
3) A. Hoffmann, Naturwiss., 26, 431 (1938). 


4) R. Collongues and G. Chaudron, Compt. rend., 231, 
143 (1950). 


In 1944, Barblan et al.» showed that 
unknown’ anisotropic modification is 
tetragonal, D}{}-J4/amd, in which lithium 
and ferric ions are arranged in the 
different equivalent positions, and that 
the phase transition between these 
modifications is an order-disorder one. 
In addition, they stated that the modifica- 
tions sluggishly transform within 570-570°. 
Recently Collongues®’ found that another 
orderd modification exists at the tempera- 
ture range below the preceding ordered 
phase. These investigations were made 
only by X-ray diffraction method and the 
transition temperature was vague. 

The author was interested in the cor- 
relation between the crystal structure and 


5) F. Barblan, E, Brandenbcrger and P. Niggli, Helv. 
Chim. Acta, 27, 88 (1944). 

6) R. Collongues, Compt. rend., 241, 1577 (1955); Bull. 
soc., chim. France, 1957, 261. 
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the physico-chemical properties in the 
course of transition, and measured the 
the thermal electric properties of lithium 
ferrite. 


Experimental 


i) Specimens.—-Ferrous oxalate and lithium 
corbonate were mixed in wet condition and 
heated in an open furnace at ca. 800° for a day. 
In order to complete the reaction, the above 
procedure was repeated with an excess of 
lithium carbonate, which was removed by cold 
dilute acetic acid. 

Anal. Found: Li,O, 
insoluble, 0.33%. Calcd. for 
15.76 %; Fe,Os;, 84.24 %. 

Ceramic specimens to be tested were prepared 
according to Weisz”, i.e., fine-ground powder of 
the products was mixed with a little quantity of 
triethanolamine stearate and of Carbowax 3000 
as binder and lubricant, and then moulded with 
a pressure of 100kg./cm*. After being sintered 
at ca. 1000° for two hours, they were further 
given appropriate heat treatments; ordered 
specimens were annealed at ca. 570° for more 
than fifty hours, and disordered specimens were 
quenched by rapid cooling, either by immersion 
into water or exclusion of the air. 

The specimen for dilatometry was rod-shaped, 
7mm. in diameter and 5cm. in length. For 
electric measurement a pellet was prepared, 
lem. in djameter and 2~5mm. in thickness. 
Both sides of the pellet were polished with emery 
powder. 

For the identification of these specimens, X-ray 
powder diffraction method was taken with FeKa 
radiation. The observed lattice constants showed 
the following values and agreed with former 
investigators’, 


15.73 %; Fe:03;, 82.00 %; 
LiFeO,:  Li,O, 


a~— 4.034 A, c=8.71A; 
a-—4.145 A. 


ii) Apparatus and Procedures.-—-Sudo’s 
apparatus» was used for differential thermal 
analysis, which was made by Mitamura & Co. 
Ltd. The nickel vessel has three holes; the 
outside one was packed with alumina powder as 
standard and the opposite one by fine-powdered 
probe. The temperature difference between these 
two materials was measured by means of an 
inserted platinum-platinum rhodium themocouple 
connected to agalvanometer. The mid hole con- 
tained alumina, in which another thermocouple 
was inserted to measure the temperature of the 
whole assembly. The ascending rate of tem- 
perature in the furnace was manually controlled. 
The apparatus was not appropriate for a sluggish 
transition, because it was constructed for a 
mineralogical investigation for a comparatively 
rapid rate of temperature rises so that the 
measurement at slower rate than 0.4 /min. was 
impossible. 


ordered phase: 
disordered phase: 


7) R. S. Weisz, Ceram. Ind., 58, No. 4, 130, 133; No. 5, 
76 (1952). 

8) Toshio Sudo, ‘“The Clay Minerals (Nendo-kobutsu)”’, 
Iwanami Skoten, Tokyo, 1953, p. 49. 
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The schematic diagram of dilatometer is shown 
in Fig. 1. The difference of thermal expansion 
between the specimen and a quartz glass was 
observed by mirror-telescope-scale system. The 
temperature was measured with a Chromel-Alumel 
thermocouple, which was inserted near the 
specimen and connected to a Potentiometer Type 
K-2 Shimadzu Seisakusho Ltd. The reading of 
elongation had an accuracy of ca. 7x10~-°cm. 
and the reading of temperature of +0.1°. To 
adjust the heating rate, the temperature of the 
furnace was controlled with a Potentiometer-type 
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A schematic diagram of dilato- 


Fig. 1. 
meter. 

specimen to be tested; 

temperature controller; 

furnace; 

heat-insulating ceramics, 

N-4”’; 

mirror; 

potentiometer; 

quartz glass rod; 
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Electrode assembly. 

A: pellet to be tested; 

B: Pt-PtRh thermocouple; 

C: Chromel-Alumel thermocouple; 
H: sillimanite holder; 





Fig. 2. 


I: heat-insulating ceramics, ‘“ Isolite 
N-4”’; 
P: Pt foil; 


S: heat-resistant steel. 
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Controller Chino Works Ltd., which permits the 
fluctuation of +1”. 

D.C. resistance was measured with a D.C. 
Bridge Type BR-7A Shimadzu Seisakusho Ltd. 
Electrode assembly* is shown in Fig. 2. The 
pellet was placed between two discs of platinum 
foils to which lead wires were attached. The 
platinum foils and the pellet were tightly fitted 
by steel holders to ensure a good contact. All 
the assembly except the upper-insulating part 
was inserted in a vertical furnace, and the 
resistance was measured as a function of tempe- 
rature. 

The bridge was connected to two volt d.c. 
source, thus the pellet was placed in a constant 
electric field during the measurements. The 
resistance at room temperature was measured 
with Megger Type L-4 Yokogawa Electric Works 
Ltd., because it was too large to be measured with 
a bridge. Determination and control of tempera- 
ture were by the same method as in the case of 
the dilatometry. 


Results and Discussion 


Differential Thermal Analysis. — In 


general, there is a change in specific heat 
with phase transition. 


For an exact study 


2 nn pn me pee “T 


A™ 
\ 


ndothermic 


E 





hh — aL 





= hn. — 
400 600 300 
Temperature C 
Fig. 3. Differential thermal analysis of 
LiFeOs. 
annealed at 570° for 50 hr., repeated 
twice: 0.4°/min.; 
annealed at 570 for 
1.6°/min.; 
same as B: 10°/min.: 
annealed at intervals of 100 from 
1000” to 500° for 12 hr. at each 
temperature: 10°/min.; 
quenched from 1000 
10° /min. 


GO hr.: 


in the air: 


* The author was referred to Parravano’s apparatus; 
G. Parravano, J. Chem. Phys., 23, 5 (1955). 
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of the transition, it is desirable to measure 
the specific heat at various temperatures. 
However, for the sake of simplicity, the 
differential thermal analysis was adopted 
to see the transition. 

Since it is obvious that the transition 
velocity is very sluggish, a series of 
thermal analyses under various conditions 
were performed. The deflection of the 
galvanometer as a function of temperature 
is shown in Fig. 3. The curves A and B 
are registered with a different scale from 
the curves C, D and E, for the deflection 
of the former is smaller than that of the 
latter owing to the slow rise of tempera- 
ture. 

The curves, measured under various 
rates of heating for ordered specimens, 
are A, Band C. The endothermic reaction 
evidently appears in each case, and the 
corresponding temperatures are 684°, 690 
and 713° for the curves A, B and C, res- 
pectively. It is well known that the 
endothermic reaction appears by the phase 
transition between the stable modifications. 
To verify this phenomenon, the curve E 
was taken using a disordered specimen. 
In the commenting temperature range no 
reaction is observed on the curve. 
Undoubtedly this reaction can be attributed 
to the order-disorder transition. 

Considering the following two points, it 
is confirmed that the transition velocity 
is very sluggish. First, it is difficult to 
obtain perfect ordered specimens, in spite 
of annealing for a considerably long time, 
as is obvious in the specimen for curve 
D. Secondly, difference in endothermic 
temperatures is caused by the difference 
in heating rate among the curves A, B 
and C. If it were measured at a slower 
rate than 0.4°/min., it could be expected 
to settle down to a definite temperature 
which is somewhat lower than 684°; this 
is impossible with our apparatus. 

Dilatometry.—By measurement of the 
linear coefficients of thermal expansion 
with a heating rates both for annealed 
and quenched specimens, Fig. 4 was 
obtained. 

The expansion coefficient is remains 
unchanged at 300° to 750°C (1.80x10~-°), for 
the ordered specimen at a heating rate 
of 30°/hr. The same result is obtained at 
as rate 5°/hr. The anomaly of expansion 
distingushably appears when the heating 
rate is brought down to 2°/hr. For the 
purpose of verifying the behavior around 
the transition temperature, the expansion 
curve measured at rate of 1°/hr. is shown 





January, 1958] 


in Fig. 5, where the expansion coefficient 
becomes maximum at 660+2°. The incre- 
ment caused by the anomalous expansion 
for this case is 0.12%. 


x10 


10 A 


| 
i, A 


0 


coefficient 


300 500 600 700 
Temperature °C 

Fig. 4. Curves of expansion coefficient 
vs. temperature of LiFeOs. 

ordered specimen: 1°/hr. above 

550°, 30°/hr. below 550°; 

above specimen at 30°/hr. within 

the anomalous range; 

disordered specimen: 80°/hr. 


620 640 660 680 700 


Temperature °C 
Fig. 5. Expansion curves of ordered 
specimen around the transition tempe- 
rature. 
©: ascending; 
@: descending. 


The descending curve is measured down 
to 550° with the same specimen at a rate 
of 1°/hr. and a constant coefficient 
1.85x10-° is obtained. Although it shows 
an irreversible process as in a monotropic 
transition, this is due to the long time 
required by this transition. The same 
sort of measurement was carried out for 
the quenched disordered specimens. Their 
coefficients were 1.88x10-° below and 
1.61x10-° above 680°C at considerably 
rapid ascending rate. From these results, 
the transition temperature is determined 
to 660+2°, inferred to the results of dif- 
ferential thermal analysis. 


- was indicated on the pellet surface. 
circuit was kept closed for as short a time 
as possible to obtain a reading of the curve 
C, in order to minimize the influence of 
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Electric Resistance Measurement.-- 
Electric properties in relation to the phase 
transition are generally studied by the 
measurement of dielectric constant and di- 
electric loss. The electric resistance of our 
pellets is not great enough at higher tem- 
peratures, to enable their measurement. 
It may be natural that a strict reproduci- 
bility can not be expected for the measure- 
ment of electric resistance of a semicon- 
ductor. It is, therefore, necessary to 
repeat the same sort of measurement. 
In fact, it is quite difficult not only to 
make each resistance-temperature curve 
coincide, but also to determine the transi- 
tion temperature in which the anomalies 
appear. From more than twenty measure- 
ments, some significiant examples are 
shown in Fig. 6. Generally, the curves 
similar to A are observed at a rapid 
heating rate (30°/hr.), and the curves 
similar to D, at a slower rate (2°/hr.). 
The tangent of pe versus 1/7 steadily 
decreases in the former, while the change 
of the tangent is found within 660-680° in 
the latter. A peculiar example is the 
curve B, in which a negative tangent is 
observed in the above temperature range. 
The pellet was placed in a steady electric 
field during the measurement; electrolysis 
The 


electrolytic polarization. An anomaly of 
electric resistance is recognised within 
660-680° from these results. 

A semiconducting feature is expressed by 

p=p,exp(-—¢/kT), 

where ¢: electric resistance 

Po: constant 

@: activation energy 

k: Boltzmann constant 

T: absolute temperature 
From the above results, the values of 
activation energy are 0.65~0.9eV for 
ordered specimen (200~400°), 0.3eV for 
disordered specimen (100~300°) and 1.2~ 
1.4eV for each specimen (680~710°). The 
net resistance at room temperature has 
the order of magnitude 1000MO for 
ordered specimens and several MQ for 
disordered ones. 

When the current has flowed for a long 
time, color change is observed on the 
surface; the cathode side is white and 
the opposite is brown, At the same time, 
white materials which contain lithium 
adhere to platinum cathode. Those color 








112 Eizo KATO 


[Vol. 31, No. 1 


Temperature C 











650 600 
i 
we 
Ya 
al 
wat 
Pa 
° it te 
A Pe 
OT Fad 
yw “ -D 
\ i © allt as 
Yl wa — 
\ te 
Pane 
— _—' — * 
11 115 12 
1/T(K ) «104 


Fig. 6. D.C. resistance curves of LiFeQ). 


changes are hard to find below 300°, and 
become more evident with increasing 
temperature. For the materials having 
the order-disorder transition such as Agl 
and Ag-Hgl., it is known that the conduc- 
tion is electrolytic, owing to the vacant 
points in the lattice. The conduction 
mechanism is also electronic for the 
material containing iron such as magnetite. 
From the above simple experiment, con- 
sidering the influence of excess of Li.O, 
it is assumed that the electrolytic conduc- 
tion takes place within the temperature 
range of transition. 


Summary 


The measurements’ of _ differential 
thermal analysis, thermal expansion and 
d.c. electric resistance for lithium ferrite 
were performed in relation to the order- 


disorder transition. Conclusions are des- 
cribed as follows; 

(1) The endothermic reaction and the 
anomalous expantion take place during 
the transition. 

(2) The value of the transition tempe- 
rature is determined as 660+2°C. by means 
of dilatometry. 

(3) The existence of electrolytic con- 
duction is qualitatively recognized. 

(4) It is verified that the transition is 
very sluggish. 


The author wishes to express his sincere 
thanks to Professor S. Nagaura of Osaka 
City University for his kind advice and 
encouragement during this work. 


The Institute of Polytechnics 
Osaka City University 
Kita-ku, Osaka 
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Phase Transition of Li:O—Fe.0O; System. II. Thermal and Electric 
Properties of Lithium Ferrospinel LiFe,O.* 


By Eizo KATo 


(Received September 2, 1957) 


Lithium ferrospinel has been used as 
magnetic material for high frequency field 
because of its ferromagnetic properties. 
The ferrimagnetism for lithium ferrospinel 
and other ferrites was widely studied; 
Weisz” gave a detailed review concerning 
its practical uses. 

In 1938, Hoffmann” studied the crystal 
structure of lithium ferrospinel by means 
of X-ray diffraction method. He found 
that its crystal structure is spinel-type, 
O}7,-Fd3m. After Hoffmann’s work Bar- 
blan®, Collongues*? and Kordes” investi- 
gated the same problem and determined 
the lattice constant. All of these investi- 
gators confirmed the structure of disor- 
dered modification, that is, the lithium and 
the ferric ions in octahedral positions are 
distributed at random. 

In 1949, braun” investigated the extra- 
line of lithium ferrospinel, which could not 
be explained by spinel structure, and 
determined the space group of its ordered 
modification, O°—P4;3, in which lithium 
and ferric ions in octahedral positions are 
arranged in different positions. The tran- 
sition was observed at 735° to 755°C. 
Verwey et al.” calculated the contribution 
of long-range ordering to lattice energy 
using the above-mentioned structures. It 
is worth mentioning that Behar” clarified 
the mechanism of the order-disorder tran- 
sition of lithium ferrospinel by metallur- 
gical technique. 

In the following sections of this paper 
the thermal and the electric properties of 


* Lithium ferrospinel stands for LiFe;O,, to avoid 
confusin with LiFeQ, of sodium chloride structure. 

1) R. S. Weisz, Ceram. Ind., 58, No. 4, 130, 133; No.5, 
76 (1952). 

2) A. Hoffmann, Naturwiss., 26, 431 (1938). 

3) F. Barblan, E. Brandenberger and P. Niggli, Helv. 
Chim. Acta, 27, 88 (1944) 

4) R. Collongues and G. Chaudron, Compt. rend., 231, 
143 (1950). 

5) E. Kordes and E. Réttig, Z. anorg. aligem. Chem., 
264, 34 (1951). 

6) P. B. Braun, Paper at ASXRED meeting, Itheca, 
1949; Nature, 170, 1123 (1952). 

7) F. de Boer, J. H. van Santen and E. J. W. Verwey 


J. Chem. Phys., 18, 1032 (1950); E. J. W. Verwey, P. B. 
Braun, E. W. Gorter, F. C. Romijn and J. H. van Santen, 
Z. Phys. Chem., 198, 6 (1951). 


8) I. Behar, Compt. rend., 242, 2465 (1956). 


lithium ferrospinel will be described from 
the viewpoint of order-disorder transition, 
and the correlation between lithium fer- 
rite and lithium ferrospinel will also be 
discussed. 


Experimentals 


Specimens.—Lithium ferrospinel was prepared 
by a similar method to that for lithium ferrite; 
only heat treatments will be described here. An 
ordered specimen can be satisfactorily obtained 
by annealing in a furnace from ca. 800° to the 
room temperature, while a disordered specimen 
by rapid cooling, immersed into water from 1000°. 
The lithium content in the specimens was 
analysed by means of flame photometry; Found: 
3.09%, Caled. for LiFe;Os: 3.61%. 

For the identification of the above specimens, 
X-ray diffraction was carefully applied by the 


.back-reflection method, and the following observed 


values of lattice constant agreed with former in- 
vestigators’ ; 


a 8.329, +0.000; A, 
a =8.332,+ 0.000; A. 


Apparatus and Procedure.—The apparatus 
used for differential thermal anlysis, dilatometry 
and d.c. electric resistance measurements are 
all the same as were described in the previous 
paper; no further description will be given. 


ordered phase; 
disordered phase; 


Results 
Differential Thermal Analysis.— A 
series of differential thermal analyses 


under various heating rates were perform- 
ed, to obtain preliminaly knowledge for 
further measurements concerning the 
transition temperature and the transition 
velocity. The resultant curves are shown 
in Fig. 1, where the curves A and B are 
registered with a different scale from that 
of other curves, corresponding to the dif- 
ferent heating rate, to exaggerate the 
relatively small effect. Some features of 
these curves are as follows: 

(a) For the ordered specimens well- 
annealed, the apparent temperatures of 
endothermic reaction seem to converge 
from 766° to 745.5° according as the rate 
is slower. No wide spreading of apparent 
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< Endothermic 








400. 600. ~~~ 800° 
Temperature °C 
Fig. 1. Differential thermal analysis of 

LiFe;Ox. 

A: annealed in a furnace after being 
cooled from 850° to 580° at 30°/hr.: 
0.5°/min.; 

B: same as A: 1.5°/min.; 

C: annealed at intervals of 100° from 
1000° to 500° for 12hrs. at each 
temperature: 10°/min.; 

D: quenched from 1000° in the air: 
10°/min.; 

E: quenched from 1000° in water: 
10°/min.; 

F: quenched from 1000° in water most 
rapidly: 1.5°/min. 


transition temperatures, as in the case of 
LiFeO., was obtained (Curves A, B and C). 

(b) The curve F is that for a disorder- 
ed specimen, quenched as rapidly as 
possible, and shows no reaction at 700— 
800° different from other. It may be con- 
cluded that the endothermic reaction 
around 745.5° is due to the order-disorder 
transition. 

(c) Another endothermic valley is found 
at 635—638° (Curves C, D and E). 

(d) The curves change from A to F, 
as the specimen transfers from ordered 
to disordered form. By comparison of the 
curves D, E and F, it is seen that the 
quenching must be completed within 1~2 
seconds for the preparation of the dis- 
ordered specimen. As for the curve E for 
the semi-ordered specimen, the endo- 
thermic deflection due to the transition is 
somewhat smaller than that of the ordered 
specimen. 

Dilatometry.— Thermal expansion of 
ordered and disordered specimens was 
measured, in order to confirm the transi- 
tion temperature taken from the differen- 
tial thermal analysis and to know the 
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volume change caused by the transition. 
Linear expansion coefficients as a function 
of the temperature are shown in Fig. 2. 
Since the transition velocity gets extremely 
low around the transition temperature, at 
the lower temperature range it is not the 
case, the measurements at different tempe- 
rature ranges were undertaken under dif- 
ferent ascending rates, e.g. 100°/hr. for 
400—570°, 30°/hr. for 570—680° and 5°/hr. 
for above 680°. The curve of a quenched 
specimen which was obtained at the rate 
of 100°/hr. has much complexity. It is 
not only difficult but seems meaningless 
to make a detailed analysis of the curve. 
The negative coefficient at 700—800°, how- 
ever, is probably due to the ordering 
from disordered phase. From these curves, 
it is seen that the transition occurs at 


xd} 
5 


Coefficient 





500 600 700 800 
Temperature °C 
Fig. 2. Curves of expansion coefficient 
vs. temperature of LiFe;Oxg. 
: ordered specimen; 





------: disordered specimen. 





620 640 660 
Temperature °C 
Fig. 3. Expansion curves of ordered 
specimen around the transition tempe- 
rature. 
: 100°/hr.; ———: 30°/hr.; 
—-—: 5S5°/hr.; ------ s ¥° fee. 
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745+1° and an anomalous expansion due 
to the transition is evident. 

Detailed measurements were repeatedly 
made for the ordered specimem at various 
rates and the resultant hysteresis curves 
are shown in Fig. 3%. The slower the 
ascending or the descending rate of tem- 
perature, the lower the temperature at 
which the anomaly takes place. The 
dilatometric values determined from these 
curves are as follows; 

transition temperature: 745+1°C., 

expansion gap caused by anomaly: 

(322)10-*%, 
coefficient before transition: 
(1.20+0.03) x 10-5, 
coefficient after transition: 
(1.44+-0.04) x 10-5. 

Electric Resistance Measurement. — 
The specific resistance of ordered and 
disordered pellets of the ferrospinel at the 
room temperature have the values of 100 
MOQ and 2~3KQO, respectively. They are 
more conductive compared with lithium 
ferrite; especially this phenomenon is 
remarkable for disordered pellets. The 
observed d.c. resistance is shown in Fig. 


Temperature °C 
‘50 


295 
1/T(K°) x 104 
Fig. 4. D.C. resistance curves of LiFe;O,. 
A: ordered specimen; heating rate: 
5° Jae. 
B: same as A; heating rate: 30°/hr.; 
C: disordered specimen; heating rate: 
30° /hr.; 
D: same as C; heating rate: 600°/hr. 


* As J. B. Austin (J. Am. Ceram. Soc., 35, 243 (1952).) 
suggested, the descending curve does not coincide with 
the ascending one, but it is unavoidabie for aggregated 
specimens used in the present experiments. 
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4. In the curve A and B, the value of 
resistance shows a constant tangent at a 
lower temperature. Near the transition 
temperature, resistance decreases anomal- 
ously and again shows a linear tangent 
at a higher region. Although measure- 
ments were made not only at different 
heating rates but also with specimens dif- 
ferent in crystal phase, every curve shows 
a distinct change in conductance at a 
nearly definite temperature. Compared 
with the thermal changes, this tempera- 
ture is concluded to be the transition one. 
The difference in tangent at the tempe- 
rature range of the anomaly seems to be 
related to the different transition velocity 
corresponding to the heating rate. 

On the other hand, the curves of a 
quenched pellet give a negative tangent, 
which seems to be under the influence 
of transition to the ordered state of 
equilibrium from disordered phase at a 
higher temperature. The temperature 
range of negative tangent is affected by 
the heating rate. The values of activation 


energy are as follows: 
ordered specimen within 200~ 


0.60 eV : 
500°, 
0.20eV: disordered specimen within 
_  130~500°, 
1.2~1.4eV: 
tion. 
When the pellets were kept in a station- 
ary d.c. field during the measurements, 
a color change was observed on the sur- 
face as was previously reported for lithium 
ferrite. 


each specimen after transi- 


Discussion 


It may be convenient to discuss the 
present results referring to that of lithium 
ferrite. These compounds take the same 
kind of transition, i.e. order-disorder trans- 
ition, but the relative number of the exist- 
ing two kinds of cation, the same number 
of lithium and ferric ion, contribute to 
the transition. For lithium ferrospinel, 
however, some portions of cations, lithium 
ions and three times their magnitude of 
ferric ions at octahedral position, con- 
tribute to the transition. Oxygen ions 
of the ferrite or ferric ions in tetrahedral 
position and oxygen ions of the fer- 
rospinel, scarcely vary the lattice points 
by the transition. Regarding only the 
numbers of migrating ions, the relation 
between the ferrite and the ferrospinel 
is analogous to that between $-CuZn and 
Cu;Au in binary alloys. 
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Anomalous Expansion.—Anomalous ex- 
pansions around the transition tempera- 
ture were observed in the ferrite and the 
ferrospinel as in the case of other crystals 
which show the order-disorder transition. 
The curve of the expansion coefficient 
of non-stoichiometric compound shows 
symmetrical form, but that of stoichio- 
metric one shows abrupt 4 form. The 
anomalous gap of expansion was compared 
with the value calculated from the lattice 
constant and the numerical results are 
shown in Table I, where the values 
obtained by the two methods coincide 
well. 


TABLE I 
% Contraction on Ordering 
Compound from Lattice from Expan- 
Constant sion Gap 
LiFeO, 0.14 0.12 
LiFe;Oy 0.036 0.032 





Hysteresis and Transition Velocity. 
Lithium ferrospinel makes a dilatometric 
hysteresis curve around the transition 
temperature, which is shown in Fig. 3. 
The temperature interval of the hysteresis 
has about 25° at the rapid rate (100°/hr.). 
Naturally, the slower the rate, the nar- 
rower the interval. The ascending curve 
at the rate of 1°/hr. is almost the same 
with that at 5°/hr., but the descending 
curve of the former is nearer its ascend- 
ing curve than that of the latter. Under 
an equilibrated condition, it may be expect- 
ed that the descending curve will agree 
with the ascending one and the hysteresis 
loop vanishes. 

Though the transition velocities were 
not directly measured in the present work, 
it is of much interest to elaborate the 
the measurement of the transition velocity 
with respect to the transition mechanism. 
The difference in the transition velocities 
in the ferrite and the ferrospinel can be 
probably correlated with each crystal 
structure. This subject should be con- 
sidered from a crystallographic aspect 
and also from a diffusion process caused 
by lattice defect. 

Thermal Properties at the Magnetic 
Curie Point.—There should be a disconti- 
nuity in specific heat as ferromagnetic 
material passes through the Curie point, 
so that its effect should also appear in the 
thermal analysis* and dilatometry. As 


* Using differential thermal analysis, Blum et al.. 
(Am. Ceram. Sac. Bull., 36, 175 (1957).) detected the 
Curie point of ferromagnetic and ferroelectric materials. 
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mentioned already, the endothermic reac- 
tion around 635° and the increase in ex- 
pansion coefficient at 590—640° were ex- 
amined. As for the Curie point, the 
following data were reported by many 
authors up to date; 637° (Hilpert et al.”), 
635° (Kordes and Rdéttig’), 620+2° (Col- 
longues and Chaudron”) and 590° (Weisz”). 
From these data, ca. 635° seems to be the 
ferromagnetic Curie point. Further dis- 
cussion of the magnetic properties of these 
materials lies outside of this work. 

Transition Temperature and the Com- 
position.—The specimens used in the pre- 
ceding measurements have the analytical 
composition LiFe;,;;O;. It is necessary to 
deal with the specimen which has stoi- 
chiometric ratio LiFe;O;:, for the purpose 
of the determination of accurate transition 
temperature. Several specimens having 
nearly the stoichiometric composition were 
prepared and heat-treated under th same 
condition. The dilatometry was carried 
out at the rate of 5°/hr. The values of 
the transition with respect to the com- 
position are shown in Table II. 


TABLE II 
Composition — b> aaa 
LiFe,.4,05 749 
LiFe,,;,O. 751 
LiFe,,«;Os 749.5 
LiFe;.1405 730 
LiFe;.3,0s 749 
LiFe;,.«O.* 745 


* The condition of preparation and heat 
treatment of this specimen is distinguished 
from others. 


In binary alloys, where the homogeneous 
specimen can be easily prepared, it is well 
known that the specimen composition 
affects apparently the transition tempera- 
ture’. On the contrary, in ceramics, it is 
almost impossible to obtain a homogeneous 
specimen either in composition or in 
grain size. This might be the reason why 
the change in average composition does 
not affect so appreciably the transition 
temperature as in the case of alloys. 
Considering these arguments, the transi- 
tion temperature of lithium ferrospinel is 
determined to be 750+1°C. 


9) R. Hilpert, A. Hoffmann and F. Huch, Ber., 72B, 
848 (1939). 

10) F. C. Nix and D. MacNair, Rev. Sci. Inst., 12, 66 
(1941). 
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Summary 


The measurements of differential ther- 
mal analysis, thermal expansion and d.c. 
electric resistance for lithium ferrospinel 
were performed ; the results were discussed 
in relation to these for the lithium ferrite. 
Conclusions are as follows; 

(1) Anomalous changes in the thermal 
and the electric properties take place 
during the transition and the hysteresis 
loops are observed. 

(2) The transition temperature for 
LiFe;.ssOs, 745+41°C., is obtained from both 
thermal and electric measurements. The 
true transition temperature is determined 


to be 750+1°C. 
specimen. 

(3) It is verified that the transition 
velocity is more rapid than that of lithium 
ferrite. 

(4) The thermal properties change at 
the magnetic Curie point, ca. 635°C. 


for the stoichiometric 
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of Detergent Solutions. III. Relations between Micellar Molecular 

Weight, Viscosity and Critical Micelle Concentration of Detergent 
: Solutions 


By Kiyoshi Tyuzyo* 


(Received September 7, 1957) 


Various methods are proposed for meas- 
uring micellar molecular weight (M,,) in 
detergent solutions ; namely, X-ray diffrac- 
tion’, diffusion*», osmotic coefficent” 
and light scatering®”. Each method has 
its own characteristic and M, obtained 
from various methods are quite different 
from each other». However, recently, 
several light scattering investigations were 
made and accurate M,» values were ob- 
tained. This method seems to be the only 
one that has sure theoretical background. 

It is shown in this paper that a kind of 
empirical relation is established between 
critical micelle concentration (CMC) and 
and association number (”) measured by 
the light scattering method. Using this 


* Present address: Research Laboratory, Dai-Nippon 
Celluloid Co., Sakai, Osaka. 

1) R. W. Matoon, R. S. Stearns and W. D. Harkins, 
J. Chem. Phys., 16, 644 (1948). 

2) D.E. Andersen and G. B. Carpenter, J. Am. Chem. 
Soc., 75, 850 (1953). 

3) R. J. Vetter, J. Phys. Colloid Chem., 51, 262 (1947). 

4) H. Okuyama and K. Tyuzyo, This Bulletin., 27, 
259 (1954) 

5) W. Phillippoff, Trans. Faraday Soc., Discussion, 
No. 11, 96 (1951). 

6) P. Debye, J. Phys. Colloid Chem., 53, 1 (1949). 

7) P. Debye and E. W. Anacker, ibid., 55, 644 (1951). 


relation, new empirical equations are pro- 
posed which hold between micellar mole- 
cular weight (M,) and two kinds of in- 
trinsic viscosity ([7] and [7.]) proposed 
in the first paper of this series. Further, 
some discussions are made concerning the 
characteristic behavior of viscosity in the 
range of low concentration of detergent 
solutions. 


Relation between Association Number 
(n) and Critical Micelle Concentra- 
tion (CMC) 


In Table I are summarized the values 
of Mn*, association number (z) measured 
by the light scattering method and CMC 
(C.). As both x and C, are expected to be 
dependent mainly upon affinity of deter- 
gent molecules for solvent, 2 is plotted 
against log(1/C.). The result is shown 


* Whether M,,, is independent of detergent concentra- 
tion or not is not clear at present. (K. Sasaki, S. Saito 
and H. Okuyama, This Bulletin., 29, 186 (1957)) M,, 


obtained from light scattering is the value at C, and 
so My, which appears in our discussion also means the 
one at CMC. 
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TABLE I 
ASSOCIATION NUMBER, MICELLAR MOLECULAR WEIGHT AND CMC 


Number Substance 


Na-Octane-sulfonate 
Na-Decane-sulfonate 
Na-Dodecane-sulfonate 
Na-Tetradecane-sulfonate 
Na-Decyl-sulfate 

Na-Dodecyl-sulfate 
Na-Tetradecyl-sulfate 

Dodecyl trimethyl ammonium-Br 
Dodecyl trimethyl ammonium sulfate 
Mg-Octane-sulfate 
Mg-Decane-sulfate 
Mg-Dodecane-sulfate 

Didodecyl dimethyl ammonium-Cl 
Triton X-100 

Dodecylamine-HCl 
Dodecylamine-HCl 
Dodecylamine-HCl 

Decyl trimethyl ammonium-Br 
Decyl trimethyl ammonium-Br 
Dodecy1 trimethyl ammonium-Br 
Dodecy! trimethyl ammonium-Br 
Tetradecyl trimethyl ammonium-Br 
Tetradecyl trimethyl ammonium-Br 
Hexadecyl trimethyl ammonium-Br 


COnonan & WHS 


1 3 


2 
— log (1/C-.) 
Relation between logn and 
log (1/C,;). 


Fig. 1. 


in Fig. 1. In this case it is necessary to 
use mol./l. as unit of CMC. The number 
in the figure corresponds to that of Table I. 

1) A linear relationship between xz 
and log(1/C.) approximately holds, in- 
dependent of the presence of added elec- 
trolytes. 

2) The linear relationship between xz 
and log(1/C.) is especially satisfactory 
in the case where the counter ion is uni- 
valent, independent of the sign of charge 
of the detergent ion, with the exception 
of No. 16 and 17. That relation does not 


8) H. V. Tartar and A. L. M. LeLong, J. Phys. Chem., 
59, 1185 (1955). 

9) L. M. Kushner and W. D. Hubbard, ibid., 58, 1163 
(1954). 


Tempe- 
rature 


23 
30 
40 
60 
23 
23 
23 
23 
23 
23 
60 
60 


C;. x 108 
(mol./1.) 
155 
38 
11 
3.3 
31 


Liter- 
ature 
8) 


u 


Mm 


5500 
9900 
14700 
24000 
13000 
20500 
43500 1.9 
15400 14.4 
17900 16.6 
10400 110 
24000 20 
28500 

43000 

90000 

12300 

20500 

31400 

10080 

10600 

15400 

17200 

25200 

31900 

61700 


Solvent n 


25.4 


40 
54 


water 
water 
water 
water 
water 
water 
0.01m NaCl 
water 
water 
water 
water 
water 
0.003m NaCl 
water 
water 
0.016m NaCl 
0.046m NaCl 
water 
0.013m KBr 
water 
0.013m KBr 
water 
0.013m KBr 
0.013m KBr 


a 
7 
50 * 
71 Ga 
7 
50 y 

65 

51 
103 


107 


4 
7 
7 
7 
4 
9) 
6) 


4 


59 
99 
152 
36 
38 
50 
56 
75 
95 
170 


4 
4 
4 
4 
V4 
4 
yu 
A 
seem to hold when the counter ion is 
bivalent. (e.g., No. 10, 11, 12) 

3) A definite conclusion can not be 
given as to non-ionic detergent because of 
the lack of available data. But, Tri- 
ton-100 (No. 14) follows the linear relation- 
ship satisfactorily. When M, instead of 
nis plotted against log (1/C.), deviation 
is quite large. The fact that the linear 
relation holds only for x» vs. C, plot 
and not for Mm vs. C. one, seems to 
show that the direct measure of interac- 
tion between detergent molecules and sol- 
vent is not M, but x. 

The micelle formation of non-ionic 
detergent is different from that of ionic 
detergent in many respects. Especially, 
CMC is not clear because of polymolec- 
ularity of the monomer. Therefore, the 
linear relationship observed in the case 
of ionic detergent may not always be 
applicable to non-ionic detergent'®'». 
Further investigation is necessary in order 
to clarify the applicability of a similar 
relation to non-ionic detergent. 

4) The linear relationship between z 


10) R. Goto, N. Koizumi, N. Hayama and T. Sugano, /. 
Chem. Soc. Japan, Pure Chem. Sec. (Nippon Kagaku 
Zassi), 74, 994 (1953) (in Japanese). 

11) S. Kuroiwa, K. Shimizu and Y. Yano, J. Chem. Soc. 
Japan., Ind. Chem. Sec. (Kogyo Kagaku Zassi), 58, 
859 (1956) (in Japanese). 
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and log(1/C.) is satisfactorily expressed 
by the following equation. 


n= B,x (1/C.)*: (1) 


where a;=0.29, 8i1=17.0 

The Eq. (1) is shown graphically in Fig. 
1. Approximate values of ~ and M, can 
be obtained from C, using Eq. (1). 

5) It is well known that a linear rela- 
tionship holds between logC,. and the 
number of carbon atoms (N) in a hydro- 
gen chain of a detergent molecule for each 
homologue’”'», Namely, 


log C.=—a2.N+ 82 (2) 


where a2, $2 are characteristic constants 
for a given homologue. 

As seen in Eqs. (1) and (2), a linear rela- 
tionship may hold between log z and N for 
each homologue. Fig. 2 shows a relation 


> N 
Fig. 1. Relation between logm and N. 
(1) Na-alkylsulfonate in water® 
(2) Alkyl trimethyl ammonium bro- 
mide in water® 
(3) Alkyl trimethyl ammonium bro- 
mide in 0.0130 m KBr® 
(4) Mg-alkylsulfonate in water® 
(5) Na-alkyl carboxylate in water* 


between logz and WN. A linear relation- 
ship between them is clear from the figure. 
That is, 


log m= —a;N+8;3 (3) 


where a3;=0.29a2, 83:=17.0—0.298>. It can 
be noted that a, and f; in Eq. (1) are com- 
mon constants for all homologues, on the 
contrary that a2, a3, 82 and §;in Eq. (2) and 
(3) are characteristic constants for each 
homologue. 

6) Several theoretical approaches have 


12) H.B. Klevens, J. Phys. Colloid Chem., 52, 130 (1948). 
13) M.E.L. McBainand E. Hutchinson, ‘‘Solubilization” 
Academic Press Inc., New York, p. 40 (1955). 

* calculated from CMC using Eq. (1) 


been made concerning CMC*', but a 
satisfactory result has not been obtained 
yet. CMC can be given by Eq. (4), accord- 
ing to Ooshika’s recent treatment!. 


kT log C. =ZV w.w;s —Wm (4) 


where w-,, w; and Wm are constants for each 
detergent, and are related with Coulombic 
repulsive energy, van der Waals’ attrac- 
tive energy and surface energy, respec- 
tively. 

However, as the relation w., w;, Wm and 
n is not clear, Eq. (1) can not be derived 
from Eq. (4). Recently, Hutchinson et 
al.'! regarded micelle formation as phase 
change and obtained Eq. (5) using Clausius- 
Clapeyron relation. 


log C.=—Hn/RT+A (5) 


where A and H» are constants and H, is the 
heat of micelle formation. 

Therefore, an equation similar to Eq. 
(1) could be obtained, if H,» were linearly 
related with logz. However, log CMC vs. 
1/T is not linear even in a narrow range 
of temperature but generally convex up- 
wards'?, and Eq. (5) can not be applied 
satisfactorily. Theoretical explanation of 
general empirical equation (1) should be 
made in future. 


Relation between Micellar Molecular 
Weight (M@,,) and Intrinsic Viscosity 


A simple method for determining C- 
from solution viscosity was proposed by 
the present author'»®. This method was 
also confirmed to be applicable to non-ionic 
detergent, recently!%!!»!%, 

Moreover, the authors presumed the 
possibility of the existence of some rela- 
tionships between M, and two kinds of 
intrinsic viscosity, [7] and [7.] determined 
from solution viscosity’. Now it is pos- 
sible to compute the approximate value of 
M,» from C° using Eq. (1). Therefore, the 
above relationships can be tested. 

According to the first paper of this 
series, [7:1] and [7] are defined by the 
following equations, 


0 “— (n,[%r min) a 
] so/C — C—C, (6) 


Japan, Pure Chem. 
Sec. (Nippon Kagaku Zassi), 72, 113 (1950); 73, 801 
(1951) (in Japanese). 
15) Y. Ooshika, J. Colloid Sci., 9, 254 (1954). 
16) E. Hutchinson et al., Z. phys. Chem., Neue Folge 
5, 450 (1955). 
17) Ref. No. 12) may be refered for temperature 
variation of CMC. 


18) N. Sata and K. Tyuzyo, This Bulletin, 26, 177, 


(1953). 
19) H. Okuyama and K. Tyuzyo, ibid., 27, 259 (1954). 
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TABLE 
INTRINSIC VISCOSITY AND 
Number Substance ———- [m1] [42] pay 
1 Na-Caprylate 20 0.65 0.87 360 
2 Na-Nonylate 20 0.81 1.28 220 
3 Na-Caprate 20 1.19 — 100 
4 K-Caprate 20 0.87 — 100 
5 Na-Laurate 20 1.18 (2.2) 25 
6 K-Laurate 20 ~- 2.6 20 
7 K-Myristate 20 ~ 3.3 8 
8 Na-Palmitate 60 — 2.0 3 
9 Na-Stearate 60 _- 2.5 0.8 
10 Na-Dodecyl-sulfate 40 2.23 2.65 10 
11 Na-Dodecy]-sulfate 70 1.94 2.57 12 
12 Dodecylamine hydrochloride 20 1.08 2.0 13 
13 Dodecylamine-hydrochloride 30 1.05 1.9 13 
14 Na-Oleate 20 1.35 3.81 1 
15 Aerosol MA 25 1.73 1.84 27 
16 Hexanolamine-caprylate 25 1.13 — 260 
17 Emasol 1112 30 2.59 5.17 3.5 
18 Emasol 1115 30 1.00 5.20 3.0 
19 Emasol 1120 30 -- 6.71 6.2 
20 Emosol 1130 30 -- 9.13 3.1 
21 Emulgen 120 30 _- 7.25 2.9 
(1) Literature 18) may be refered for [7], [72] of No. 1~No. 16. 
(2) Literature 19) may be refered for [7], [72] of No. 17~No. 21. 
[7:1] = lim (%sp"/C°) (7) When M,, is plotted against [7] and [7], 
ities definite relations can not be found but when 


[42] = lim (7's»/C°) (8) 
C%»C*, 


were C. is CMC and 7, is relative viscosity 
at CMC. They are shown in Fig. 3. The 
unit of concentration should neither be 
weight per cent. nor volume per cent. but 
mol./1. 

In Table II are shown [7:], [72] obtained 
by the above method, z and M,» being 
computed from Eq. (1), #[y:] and 2[72]. 





+ Co 
Fig. 3. Determination of C2, [7] and [7]. 


Mn is plotted against xz[7:] and [7], 
smooth curves can be obtained, regardless 
of their cationic, anionic and non-ionic 
nature*. To multiply [7] and [7] with 
n is equivalent to transform the unit of 
concentration from mol. of monomer/1. 
to mol. of micelle/l. Neither log Mn vs. 
n[y] nor Mm vs. log x2[y] is linear, but the 
following eqations apply between log Mn 
and log z[y]. 
log My,=0.41{log z[7:] }° 
—0.39{log [7] }+3.47 (9) 
log Mn, =0.45{log 2[72] }* 
—0.91{log 2[72] }+4.04 (10) 


Mmn-value, Mn caic/ M» calculated from Eqs. 
(9) and (10) are shown in Table II. Ex- 
perimental values and curves expressed 
by Eqs. (9) and (10) are shown in Fig. 4. 
Experimental and calculated values coin- 
cide fairly well with each other with a 
few exceptions. Therefore, zm and M» can 
be calculated from [7;] and [7], using Eqs. 
(9) and (10). It is very remarkable that 
the above relationships are generally ap- 
plicable, regardless of their cationic, anionic 


* CMC obtained by different methods fluctuates 
cosiderably in the case of non-ionic detergent. The 
concentration where nsplC becomes minimum is adopted 
as CMC in this paper. 
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II 
MICELLAR MOLECULAR WEIGHT 
n Mn n[71) n[72] 
23.2 3900 15.1 22.0 
26.9 4900 21.8 27.9 
33.4 6500 39.7 — 
33.4 7000 29.0 — 
50 11000 59.0 110 
53 12600 — 138 
69 18400 — 228 
92 25700 — 184 
135 41400 _- 338 
65 19600 145 172 
62 18700 120 159 
60 13300 65 120 
60 13300 63 114 
126 38300 170 480 
49 19000 85 90 
26 5600 29.4 — 
89 71800 231 461 
91 90600 — 473 
74 90000 — 496 
91 151000 — 831 
93 99200 — 674 


(3) Solvent is water in all cases. 


>log My, 











>log n[y,] and log n[7y2] 
Relation between log M, and 
log [71], log n[7.2]. 


Fig. 4. 


and non-ionic nature. z[7] is related 
with the degree of solvation, shape and 
size of micelle and electro-viscous effect. 
Theoretical explanationof Eqs. (9) and (10) 
may be quite difficult, because of uncer- 
tainty of the relation between above 
factors and M,,*. 


On the Remarks for the Characteristic 
Behavior of Viscosity at CMC 


We have shown that 7,,/C becomes mini- 


* K. J. Mysels? discussed charge effect for determin- 
ing M,, from light scattering, but data are too few and 
the core vslon can not fundamentlly influence the above 
results. Therefore, charge effect was neglected in this 
paper. 

20) K. J. Mysels, J. Colloid Sci., 10, 507 (1955). 


M',, from M?,, from M' » cate M?* m care 
[7] [7] Mn Mn 
3800 4370 0.97 1.12 
4900 4580 1.00 0.94 
7940 — 1.22 — 
6030 -- 0.86 — 
11800 11500 1.07 1.04 
oo 14500 -- 1.15 
-— 25200 -- 1.37 
— 20000 —_ 0.7 
— 41700 —_ 1.01 
35500 18200 1.81 0.93 
27600 16600 1.48 0.89 
12900 12600 0.97 0.95 
12600 11750 0.95 0.89 
44700 69200 1.17 1.80 
17800 9600 0.94 0.50 
6200 —_ 1.10 -_- 
69200 64600 0.96 0.90 
~~ 66200 — 0.7 
— 74200 _- 0.83 
— 166000 -- 1.10 
— 117500 -- 1.18 


mum at CMC when 7;,/C of the detergent 


‘solution is plotted against concentration 


as is shown in Fig. 5—a and b'*'™. The 
complete explanation for this phenomenon 
has never been performed until now, but 
it is natural that this is due to adsorption 
of detergent molecules to the wall of vis- 
cometer, if we consider the following terms. 


> nsp/C 





»C 

Fig. 5. Dependence of 7;»/C on concentration. 
1) This phenomenon always appears, 
for both ionic- and non-ionic deter- 
gent. Therefore, it is different from the 
abnormality of viscosity in dilute solu- 
tions of polyelectrolytes which is due to 
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the result of electric repulsion and high 
polymer characteristics. 

2) The phenomena are recently often 
found that 7,/C becomes minimum at 
some concentration in the case of ex- 
tremly dilute solutions of non-electrclytic 
high polymers’». It is generally recog- 
nized that this phenomenon is due to the 
result of adsorption of polymer molecules 
to the wall of viscometer”. 

3) In general, detergent molecules have 
high adsorbability to the interface as is 
evident from their nature. Moreover, the 
action of lowering interfacial tension is 
especially remarkable in dilute solutions 
and interfacial tension becomes almost 
constant, passing through CMC*?. These 
phenomena seem to indicate that mono- 
mers of a detergent have a great adsorba- 
bility but micelles of a detergent have 
quite small. 

Then, it is expected that characteristic 
minimum of 7y»/C at CMC can be ex- 
plained from the above view-point of ad- 
sorption on the wall of viscometer but 
further details of explanation cannot be 
given in the present situation. 


21) R. F. Boyer and D. J. Streeter, J. Poly. Sci., 16, 
5 (1954); H. Umstatter, Makromol. Chem., 12, 94 (1954). 
22) H. G. Fendler, H. Rohlender and H. A. Stuart, 
Makromol. Chem., 18/19, 385 (1956); O. E. Ohrn, J. Poly. 
Sci., 17, 137 (1955). 

23) J. Powney and C. C. Addison; Trans. Faraday 
Soc., 34, 372 (1938); L. Schedlovsky and L. Ross, Jr., C. 
W. Jakob, J. Colloid Sci., 4, 25 (1949). 
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Summary 


1) The following equation is found be- 
tween association number (z) and critical 
micelle concentration (C,; in mol./l.) in 
detergent solutions 


n=17.0x (1/C.)*?9 


This relation holds, independent of an- 
ionic and cationic detergents and added 
electrolytes. 

2) The following equations are found 
between micellar weight (Mm) and two 
kinds of intrinsic viscosity ([7:] and [72]) 
already reported in the previous paper. 


log Mn=0.41{log 2[y:] }? 
—0.39{log 2[7:] }+3.47 

log Mn=0.45{log [72] }* 
—0.91{log [72] }+4.04 


These relations are applicable, not only 
to ionic- but also to non-ionic detergents. 

3) Discussions are made on the cause 
of characteristic behavior of viscosity at 
CMC. This phenomenon seems to be due 
to adsorption of detergent molcules to the 
wall of viscometer. 
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of Lysozyme Denaturation on Surface and in Solutions 
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Previously, the author has reported the 
surface-'-”, heat-», and urea-denatura- 
tion® of lysozyme. The properties of the 
monolayers of lysozyme are closely related 
to the state of the molecules in spreading 
solutions. Therefore, the studies on the 
denaturation in solutions throw light on 
the mechanism of the surface denatura- 
tion. In this paper will be shown the 
correlation between the denaturation of 
lysozyme on surface and that in solutions. 


Experimental 


Lysozyme was prepared from hens’ egg white 
by direct crystallization method, recrystallized 
four times and finally lyophilized. 

Surface pressure was measured by the hanging 
plate method of Wilhelmy type. Simultaneously 
surface potential was measured by the vibrating 
electrode method. Surface viscosity was measured 


by the damping of the oscillatory rotation of a° 


disc on the surface covered with monolayers. 
The precipitation method to investigate the 
heat denaturation was as follows: a lysozyme 
solution in a test-tube was heated in a constant- 
temperature bath. After each time-interval the 
test-tube was taken out from the bath. When 
borate buffer of pH 11.0 (i.e., the isoelectric 
point of lysozyme) was added, the denatured 
protein was precipitated. The amounts of the 
precipitates thus formed were measured by micro- 
Kjeldahl method. The viscosity of lysozyme 
solutions was measured by means of Ostwald 
viscometer. The other experimental details 
should be consulted for the previous papers!-®. 


Results and Discussion 


Surface Chemical Method to Investi- 
gate Protein Denaturation” — Bull” re- 
ported that the monolayer of lysozyme is 
not formed on water surface. However, 
it was found that the stable monolayers 
are formed on the substrate of which pH 
lies near its isoelectric point. When 
lysozyme was spread from 0.001 N hydro- 
chloric acid solution, the surface pressure- 

. Hamaguchi, J. Biochem., 42, 449 (1955). 
K. Hamaguchi, ibid., 42, 705 (1955). 
K. Hamaguchi, ibid., 43, 83 (1956). 
K. Hamaguchi, ibid., 43, 355 (1956). 
K. Hamaguchi, ibid., 44, 695 (1957). 
K. Hamaguchi, ibid., 45, No. 2 (1958). 
H. B. Bull, J. Biol. Chem., 185, 27 (1950). 


area (F-A) curve had much smaller 
limiting area than that of the usual 
proteins, such as ovalbumin. However, 
the F-A curves obtained with the films 
spread from 8 or 10m urea solutions began 
to develop from the area of about 14.5 A’/ 
residue. This value was also found with 
the films of other proteins or synthetic 
polypeptides. 


_ — 
iJ > 


= 
So 


Area at 2 dynes/cm. (A?2/residue) 


49 2 4 6 8 10 
Concentration of urea (M) 

Fig. 1. Relationship between areas at 2 
dynes/cm. and urea concentrations in 
spreading solutions. 


Fig. 1 shows the relation between the 
areas at 2 dynes/cm. and the urea con- 
centrations in the spreading solutions. 
From Fig. 1 it was expected that the 
expansion of lysozyme monolayers may 
reflect the degree of denaturation in urea 
solutions. This fact means that the dena- 
turation of lysozyme in solutions can be 
investigated by the surface chemical 
method. 

“Surface Heat Denaturation” of 
Lysozyme”—As described above, the F-A 
curve of lysozyme monolayer was affected 
by the kind of spreading solution. On 
the other hand, it was found that the 
properties of lysozyme monolayers were 
also affected by the temperature of the 
substrate. The effect of temperature of 
the substrate on the area at 2 dynes/cm. 
is shown in Fig. 2. As shown in this 
figure the area became larger with the 
rise of temperature of the substrate. 
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(A2/residue) 


Area at 2 dynes/cm. 


30 40 50 
Temperature of substrate (°C) 

Fig. 2. Relationship between areas at 2 
dynes/cm. and temperatures of sub- 
strate. Spreading solutions: ©@, 0.001 N 
hydrochloric acid (fresh); @, 5M urea 
solution; Q@, 0.001N hydrochloric acid 
heated at 65° for two hours prior to 
spreading; A, 8M urea solution; [e], 8M 
urea solution heated at 55° for two 
hours prior to spreading; A, 10M urea 
solution; §§, 0.02N sodium hydroxide 
(old); @, 0.001N hydrochloric acid 
(old); @, 0.04N sodium hydroxide; x, 
0.02N sodium hydroxide (fresh). 


Curve I in Fig. 2 was obtained for the 
films spread from 0.001N hydrochloric 
acid. The films spread from 5m urea 
solution and from 0.001 n hydrochloric acid 
solution which was heated to 65°C. for 
two hours beforehand, occupied the areas 
on this curve. This fact shows that 
lysozyme molecules are not denatured in 
these solutions. 

Curve II was obtained for the films 
spread from 8m urea solution. Although 
curve II shifted to larger areas than curve 
I, the dependence of the areas on the 
temperature was also observed. The films 
spread from strong alkaline solutions also 
belong to this curve. These facts show 
that lysozyme is denatured in these solu- 
tions. 

When the temperature of the substrate 
was sufficiently high, the films occupied 
the areas on curve III, irrespective of 
spreading solutions. That is, curves I and 
II tend to approach this straight line above 
35° and 18°, respectively. The areas 
occupied by the films spread from 10m 
urea solution also fall on curve III. 
Therefore, this straight line represents 
the maximum expansion beyond which 
the films of lysozyme do not expand. 
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The facts described above should be 
designated as ‘“‘ the surface heat denatura- 
tion ’’ of lysozyme. Such a phenomenon 
has not yet been observed. It is generally 
believed that the temperature coefficient is 
unity for surface denaturation». The 
direct examination of the denaturation in 
solutions can clarify the dependence of 
the monolayer properties on the spreading 
solutions and further can make our sur- 
face chemical method to investigate the 
denaturation more certain, details of 
which will be described in the later part 
of this paper. 

Mechanism of Surface Denaturation 
of Lysozyme”®—In order to analyze the 
results shown in Fig. 2, we make the 
following two assumptions: (a) The maxi- 
mum expansion represented by curve III 
in Fig. 2 corresponds to that of the films 
which consist of the completely unfolded 
molecules of lysozyme and the films having 
smaller areas than this maximum expan- 
sion consist of two different kinds of 
molecular configuration, one of which is 
in a state of complete surface denatura- 
tion and the other, globular or partially 
altered configuration. (b) The latter con- 
figuration was assumed by the molecules 
existing in the adsorbed layer and would 
contribute neither to surface pressure nor 
to surface potential. 

These assumptions were confirmed by 
the fact that the surface potential of the 
films spread from various solutions wasa 
function of surface pressure and not of 
the area”. By these assumptions, C, in 
Eq. (1) represents the concentration of the 
‘‘ globular ’’ molecules in adsorbed layer. 


1 1 


i ™ 


where A is the area at any given expan- 
sion and A, the area represented by curve 


III in Fig. 2. The globular molecules 
present in adsorbed layer gradually suffer 
surface denaturation with time, giving 
rise to completely unfolded films. Because 
the curves shown in Fig. 2 were obtained 
for the films all of which were stood for 
30 minutes before measurements, the 
relations indicate that the amounts of 
reactant, suffered surface denaturation, 
are different according to the temperature 
of substrate. 

Therefore, the rate constant of surface 
denaturation must be obtained, when the 
F-A curves of the films are measured on 
the substrate at a given temperature at 


8) H. B. Bull and H. Neurath, ibid., 125, 113 (1938). 
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different ages after spreading. In fact, 
the F-A curves on the substrate at a given 
temperature shifted to larger areas with 
time after spreading. 

The logarithms of the concentrations of 
‘‘globular’’ molecules in adsorbed layer, 
C,, which are calculated from Eq. (1) by 
the use of the areas at 2 dynes/cm., are 
plotted against time in Fig. 3 and linear 
relations are obtained. 


10.05 2 


4 6 
Time (hours) 
Fig. 3. Relationship between log C, and 
elapsed time. Temperature of substrate: 
S> 11°S My, BIC. 


This is the indication that the surface 
denaturation obeys the first order kinetics. 
Therefore, the first order rate constant 
can be calculated. By means of Arrhenius 
equation the apparent activation energy 
can be calculated from the rate constants 
at 11° and 21°C. and is found to be 15 
kcal./ mole. 

From these considerations, it is found 
that the activation energy of 15 kcal./mole 
is necessary in order to obtain the mono- 
layers consisting of completely unfolded 
molecules when native lysozyme is spread 
at an air-water interface. This is the 
reason why the F-A curves of lysozyme 
films are profoundly affected by the tem- 
perature of substrate. When the proteins 
such as ovalbumin and serum albumin, 
which have been so far investigated in 
detail, are spread as monolayers, the 
activation energy to pass from globular 
molecules to completely unfolded ones 
would be very low and then the completely 
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unfolded films are formed instantaneously. 
Therefore, in the case of these protein 
films, neither the effect of temperature 
nor the time effect has been observed. 
The mechanism of surface denaturation 
can be clarified by using the proteins such 
as lysozyme which are very difficult to 
be denatured by surface. 

The free energy, enthalpy and entropy 
activation, which are calculated from the 
methods according to Eyring and Stearn, 
are as follows: JF*=22.4kcal./mole, JH* 
=14.4 kcal./mole, and 4S*=—28e. u. at 11°. 
With protein denaturation, in general, 
there are great increases in entropy and 
heat during the activation process. In this 
case, however, there is a decrease in 
entropy and a small increase in heat. The 
reason for this is not clear. There are 
two possibilities to explain the negative 
value of entropy: (a) that involved ina 
decrease in degree of freedom at inter- 
faces compared with that in solutions and 
(b) that involved in freezing water mole- 
cules to the protein molecules. 

Urea Denaturation of Lysozyme’—As 
described above, the properties of lysozyme 
monolayers depend on the concentration 
of urea in the spreading solutions. It was 
expected that this fact would reflect the 
denaturation in urea solutions and so the 
denaturation can be examined by the 
surface chemical method. It is an in- 
teresting problem whether the results 
obtained by a direct examination of the 
behavior of lysozyme in urea solutions 


Reducod Viscosity 


360 480 
Time (Minutes) 

Fig. 4. Change with time of reduced vis- 
cosities of lysozyme in urea solutions. 
Concentration of lysozyme: 0.41 g./100 
ml. pH 5.4-5.8. 
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correspond to those by the surface chemi- 
cal method or not. Furthermore, the 
mechanism of surface denaturation will 
be made more clear when the denaturation 
in solutions is studied by other physico- 
chemical methods. The urea denaturation 
of lysozyme was examined by viscosity 
measurements. The change with time of 
the reduced viscosity of lysozyme in the 
solutions at various urea concentrations 
over a rather wide temperature range are 
shown in Fig. 4. 

It is very remarkable that the reduced 
viscosity was increased instantaneously 
with the rise of temperature and did not 
change with time at each temperature. 
Most of the proteins show the time effect 
on the viscosity in urea solution. In the 
case of lysozyme, however, the time effect 
was only observed in 9.2 and 10M urea. 
Fig. 5 shows the maximum values of the 
reduced viscosities at each temperature. 


0.935 


Temperature (°C) 


Fig. 5. Relationship between maximum 
reduced viscosities and temperatures. 
©, OM; ©, 4.2M; [e], 6.3M; @, 7.4M; 
A, 8.2M; X, 9.2M; A, 10M urea. 


It was found that the reduced viscosity 
in 4.2m urea did not change between 25° 
and 55°C. and was the same as that of 
native lysozyme. In above 6.3m urea 
solution the reduced viscosity increased 
from about 30° and tends to approach the 
constant value from 45°. Although the 
viscosity-temperature curves for 6.3, 8.2 
and 9.2m urea were almost the same at 
lower temperatures, the viscosity became 
greater with the increase in concentration 
of urea at higher temperatures. The re- 
duced viscosity in 10m urea was greater 
than that in 9.2m urea even at 25°. In 
this case the viscosity was also increased 
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from 30° and became constant from 45°. 
In order to examine the reversibility of 
the urea denaturation, after the lysozyme 
solutions once heated up to 55° had been 
kept at room temperature overnight, the 
viscosity was measured again at 25°. In 
10m urea, the reduced viscosity thus 
obtained was the same as that at 55°. The 
viscosity in 9.2m urea returned to a 
smaller extent and the reversibility was 
nearly complete in 8.2m urea. 

With urea denaturation of proteins, in 
general, the reversibility is studied on the 
solutions after removal of urea by dialysis. 
In the case of lysozyme, however, the 
reversibility was observed merely by the 
lowering of temperature. This is a very 
remarkable fact. It might be more appro- 
priate to term these phenomena as the 
‘‘heat denaturation of lysozyme in urea 
solutions’? rather than ‘‘urea denatura- 
tion’’. From the facts described above, 
it is assumed that at each temperature 
native lysozyme molecules are in equi- 
librium with those of another modification 
which are stable above 50° in 8m urea. 
The equilibrium constant (K) at each 
temperature may be calculated from Eq. 
(2). 


2—%No 
K= 2), 
— (2) 


where 7 is the reduced viscosity of native 
lysozyme and 7. the viscosity above 50°. 
When the logarithms of the equilibrium 


3.16 3.24 332 3.40 
1/T - 108 


Fig. 6. Relationship between logarithms 
of equilibrium constants (K) and re- 
ciprocals of absolute temperatures. 
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constants are plotted against the recipro- 
cals of absolute temperatures, a straight 
line is obtained as shown in Fig. 6. There- 
fore, the change in enthalpy (JH°) can 
be evaluated from van’t Hoff’s equation. 
The change in standard free energy (4F°) 
and entropy (4S°) can be also obtained 
by the usual thermodynamic calculations. 
These thermodynamic parameters are as 
follows: JF°=—530cal./mole, JH° =4,950 
cal./mole, and 4S°=17.2 e.u. at 45°. The 
values of JH° and J4S° are much smaller 
than those generally accepted for protein 
denaturation. This fact suggests that the 
structural change of lysozyme molecules 
in 8m urea is only minor. 

The investigations on urea denaturation 
have been mainly concerned with the 
structural change of protein molecules by 
urea and not with the interaction of urea 
with protein molecules. The interaction is 
inferred easily by monolayer technique». 
Because urea is not a surface active sub- 
stance, protein monolayers should not be 
profoundly affected unless urea molecules 
interact with protein monolayers. The 
F-A curves of lysozyme monolayers were 
shifted to larger areas with the increase 
in urea concentration in the substrate. 
The increase in area proceeded stepwise 


with the increase in urea concentration ~ 


and was smaller at lower temperatures. 
These phenomena could be explained by 
the cleavage of bonds by urea attack which 
remain intact by spreading and by the 
adsorption of urea on the bonds emerged 
by the cleavage. It was also inferred 
from these experiments that urea mole- 
cules are scarcely adsorbed on lysozyme 
molecules in urea solutions. 

Relationship between Monolayer and 
Bulk Properties of Lysozyme — The 
concern, here, is with the comparison of 
the results on the urea denaturation 
obtained by the surface chemical method 
with those by viscosity measurements. 
The behavior of lysozyme monolayer 
spread from 5m urea solution was the 
same as that of native lysozyme. In 4m 
urea the reduced viscosity did not change 
between 25° and 55° and was the same as 
that of native lysozyme. It is concluded, 
therefore, that lysozyme is not denatured 
in the urea solutions of which concentra- 
tions are below 4 or 5m. The area of 
lysozyme monolayer was increased from 
5M urea (Fig. 1). The reduced viscosity 
also became sensitive to the temperature 
from the same urea concentration. 

The expansion of lysozyme monolayer 
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spread from 10m urea was maximum and 
the areas scarcely depend on the tempera- 
ture of the substrate. The reduced vis- 
cosity in 10m urea was greater than that 
in 9.2m urea. In addition, the effect of 
time on the reduced viscosity was observed 
and the viscosity did not reverse to the 
original value by cooling. These facts 
suggest that the secondary structure of 
lysozyme molecules may be destroyed in 
10m urea. 

While the areas occupied by the lyso- 
zyme monolayers spread from 8m urea 
was greater than that spread from native 
lysozyme, the temperature dependence of 
the expansion was the same as that of 
native lysozyme. On the other hand, it 
was found from the viscosity measure- 
ments that there exists an equilibrium 
between native and reversibly denatured 
molecules in 8m urea. Therefore, the 
facts shown in Fig. 2 will be well con- 
vinced when the latter molecules are 
considered to be easily denatured by 
surface owing to a decrease in the activa- 
tion energy for surface denaturation. The 
denaturation in 8m urea may be caused 
by a rather slight change in the tertiary 
structure of the lysozyme molecule. The 
foregoing considerations show the remark- 


able correspondence between monolayer 
and bulk properties of lysozyme. 


Heat Denaturation of Lysozyme” — In 
this section will be described the heat 


denaturation of lysozyme. As a matter 
of course, the heat denaturation in 


2.4¢- 1.06 


Initial Velocity (mg./min.) 
Foaming Volume (ml.) 


Temperature (°C) 


Fig. 7. Foaming volume (curves I and 
II), optical rotation (curve III), relative 
viscosity (curve IV) and initial velocity 
(curve V) asa function of temperature. 
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solutions is detected at much higher tem- 
peratures than ‘‘ the heat denaturation on 
surface’’ owing to the absence of interface. 

The temperature where lysozyme begins 
to be denatured by heat depends on the 
method to be used. This temperature 
was determined by the measurements of 
foaminess, optical rotation, viscosity, and 
of solubility. The results are shown in 
Fig. 7. It is evident that a change appears 
in foaming volume at the lowest tempera- 
ture, 50°. Curve I was obtained for the 
solutions immediately after heating for a 
quarter of an hour at each temperature. 
This fact suggests that lysozyme molecules 
are slightly denatured and changed to a 
state susceptible to surface denaturation 
by vigorous shaking. As described above, 
native lysozyme is not easily denatured 
by surface, but readily undergoes surface 
denaturation when the protein is de- 
natured in solutions beforehand. The 
foaming volume, however, decreased re- 
versibly by standing at room temperature 
after heating (curve II). The surface 
chemical method could not distinguish the 
behavior of the monolayers spread from 
a solution of native lysozyme and those 
spread from a solution heated at 65° 
beforehand. These facts suggest that 
lysozyme might be reversibly denatured 
in the vicinity of 50°. The optical rotation 
did not change up to about 70° (curve III). 
This is the indication that the reversible 
denaturation might not result from a 
greater change in the secondary structure 
but from a change in the tertiary struc- 
ture. It is interesting that the optimum 
temperature of the enzymatic activity of 
lysozyme (55°) corresponds to the tem- 
perature from which the foaminess in- 
creases. That is, the enzymatic activity 
may be decreased by a minor change in 
the tertiary structure. 

The viscosity began to increase from 
about 85° (curve VI). The increase in 
viscosity, however, accompanied the in- 
crease in turbidity. Therefore, this is not 
due to the effect of the unfolding of each 
lysozyme molecule. The solubility at the 
isoelectric point began to change from 70°. 
That is, the denaturation could be detected 
by the precipitation method, nevertheless 
the viscosity did not change. Therefore, 
the heat denaturation of lysozyme might 
be caused by the aggregation of the mole- 
cules rather than by the unfolding. 

The effects of temperature, lysozyme 


9) C. Fromageot, Bull. soc. chim. biol. Supple. 11-12, 
63 (1948). 
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concentration, and of pH on the heat 
denaturation were determined by the 
precipitation method in detail. Increase 
in the concentration of lysozyme had the 
effect of speeding up the rate of its dena- 
turation. The reaction order of the heat 
denaturation was determined by the dif- 
ferential, integral, and half-life method. 
As a result, the initial velocity of the 
heat denaturation (vw) was expressed 
approximately by the following equation: 


[Pol? 
(| (3), 
where [P,] is the initial concentration of 
lysozyme and [H*] the hydrogen ion con- 
centration. However, the reaction order 
increases as the reaction proceeds. 

The apparent activation energy calc- 
ulated from Arrhenius equation using the 
initial velocities was found to be 50.3 kcal./ 
mole, which was independent of the initial 
concentration. 

Role of Disulfide Bonds in Denatura- 
tion of Lysozyme’’.—One of the most 
striking structural features of lysozyme 
molecule is that five intrapeptide disulfide 
bridges exist within its rather small mole- 
cule. Accordingly, it is important to in- 
vestigate the role played by these disulfide 
bridges. Sodium sulfite was used as a 
splitting agent for these bonds. In Fig. 8 
is shown the effect of sodium sulfite 
(0.03mM) on the reduced viscosity of ly- 
sozyme in different urea concentrations’. 


Mw=k 


Reduced Viscosity 


Time (hours) 

Fig. 8. Effect of sodium sulfite (0.03 m) 
on reduced viscosity at different urea 
concentrations. (30.0°, pH 9.6). @, 6.3 
M urea; ©), 6.3M urea, 0.03M Na.SO;; 
A, 8.2M urea; xX, 8.2M urea, 0.03M 
Na.,SO3. 
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Fig. 8 clearly shows that the effect of 
sodium sulfite was not observed in 6.3m 
urea but was very striking in 8.2m urea. 
In the absence of sulfite, however, the 
reduced viscosity was almost the same 
irrespective of the urea concentration. In 
8.2m urea at pH 9.6 containing 0.03m 
sodium sulfite, the reduced viscosity was 
increased rapidly with time and the final 
value was much higher than that in the 
absence of sodium sulfite at 30°. These 
facts show that the disulfide bridges might 
be masked in the interior of the molecules 
and that the degree of denaturation in 
6.3mM urea is so small that the disulfide 
bonds can not react with sulfite. Thus, 
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Fig. 9. F-A,7-A, 4V-A and p-A curves 
of lysozyme monolayer spread from 8M 
urea solution. Substrate, 10-2M potas- 
sium carbonate (pH 10.5), 19°. 
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Fig. 10. F-A,7-A, 4V-A and p-A curves 
of lysozyme monolayer spread from 8M 
urea solution. Substrate, 10-2M K;CO, 
+10-*M Na,SOQ3. 


Studies on the Denaturation of Lysozyme. III 129 


the easiness of the splitting of the disulfide 
bonds gives a measure of denaturation by 
urea. The marked increase in viscosity 
by the splitting of disulfide bonds in 8m 
urea suggests that the five intrapeptide 
bonds of lysozyme must be incorporated 
into widely separated parts of polypeptide 
chains and they do not neighbor with each 
other along the chain. 

Fig. 9 shows the surface pressure-area, 
surface viscosity-area (7-A), surface poten- 
tial-area (4V-A) and surface moment-area 
(u-A) curves of lysozyme monolayers 
spread from 8m urea”. 

In Fig. 10 are shown the effect of sodium 
sulfite in the substrate on the properties 
of the monolayer spread from 8m urea”. 
From the comparison of the results shown 
in Figs. 9 and 10, it was found that the 
F-A, 7-A and JV-A curves are greatly 
changed by the presence of sulfite in the 
substrate. The changes are explained by 
the increase in ionizable groups due to 
splitting of disulfide bonds. 


Summary 


In order to clarify the correlation be- 
tween the denaturation of lysozyme on 
surface and that in solutions, the surface-, 


heat-, and urea-denaturation which were 
so far reported by the author were sum- 
marized. 

The properties of lysozyme monolayers 
depend not only on the temperature of 
substrate but also on the state of lysozyme 
molecules in spreading solutions. The 
mechanism of the formation of the pro- 
tein monolayer was clarified by the exami- 
nation of the denaturation in solutions. 
Because of the very high content of di- 
sulfide bonds in lysozyme molecules, the 
role played by these bridges in the dena- 
turation on surface and in solutions was 
also examined and its significance was 
made clear. 


The author expresses his hearty thanks 
to Professor T. Isemura for his kind gui- 
dance throughout the present work. 
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In 1934 Penney and Sutherland” pre- 
dicted the so-called right-angle model for 
the molecular structure of hydrogen 
peroxide on the basis that lone-pair 
electrons of oxygen atoms hinder the 
rotation about the oxygen to oxygen axis. 
Giguére and his collaborators” studied 
the structure of the molecule by various 
methods and confirmed the prediction of 
Penney and Sutherland. The molecules 
of this type are of interest, because they 
are so simple that precise treatment can 
be applied to get information on internal 
rotation. Sulfur monohalide, S,X., belongs 
probably to the same category. Many 
researches were carried out on_ the 
structure of sulfur monochloride. Morino 
and Mizushima” rejected either the S=SCl, 
structure or the trans configuration by 
measuring both the dipole moment and 
the Raman effect, but they did not 
distinguish between the two possibilities 
of the right-angle model and of freely 
rotating one. Gerding and Westrik” 
observed the depolarization degree of the 
Raman lines in the liquid state. They 
considered the depolarized line at 106cm~! 
as one of the fundamentals, which rejected 
the C, model and preferred the C,, 
structure (the cis form). Some progress 
in the assignment of an infrared spectrum 
was made by Bernstein and Powling>’, 
who resolved the line centered at 440 cm~! 
into two lines of 4388cm~! and 448cm~! 
and found that the spectral data were not 
inconsistent with a C, structure if the 
line at 106cm~'! in the Raman spectrum 
was taken as weakly polarized rather 


1) W.G. Penney and G. B. B. M. Sutherland, J. Cher. 
Phys. 2, 492 (1934). 

2) L. R. Zumwalt and P. A. Giguére, ibid., 9, 458 
(1941); P. A. Giguére, ibid., 18, 88 (1950); P. A. Giguére 
and O. Bain, J. Phys. Chem. 56, 340 (1952); P. A. Giguére, 
I. D. Liu, J. S. Dugdale, and J. A. Morrison, Can. J. 
Chem. 32, 117 (1954); O. Bain and P. A. Giguére, ibid., 
33, 527 (1955). 

3) Y¥. Morino and S. Mizushima, Sci. Papers Inst. 
Phys. Chem. Research (Tokyo), 32, 220 (1937). 

4) H. Gerding and R. Westrik, Rec. trav. chim. Pays- 
bas, GO, 702 (1941). 

5) H. J. Bernstein and J. Powling, J. Chem. Phys., 18, 
1018 (1950). 


than as depolarized and was considered 
to be due to the torsional oscillation. 
Recently Luft and Todhunter® proposed 
an idea to interpret the line at 106cm™! 
as the first overtone of the torsional 
mode. It can be expected that the mean 
square amplitude of a pair of chlorine 
atoms, if measured accurately, will make 
a choice between them, because the mean 
amplitude depends strongly upon the 
frequency of the torsional mode. The S-S 
stretching mode has been assigned to one 
of the two lines resolved by Bernstein 
and Powling, but when the spectrum of 
sulfur monochloride is compared with 
those of monobromide and of monofluoride, 
it is clear that this assignment is by no 
means final. 

Ackermann and Mayer” and Palmer‘ 
studied the molecular structure of sulfur 
monochloride by the visual method of 
electron diffraction, but they did not 
obtain any precise information about 
internal rotation. Guthrie” arrived by 
electron diffraction measurement at the 
result that this molecule has the cis 
configuration, but no precise report has 
been published. As for physico-chemical 
investigation on sulfur monobromide, we 
have only two reports of the Raman effect 
by Stammreich et al!» 

In this paper there is described the 
result of electron diffraction investigation 
by the sector-microphotometer method, 
mainly to see whether the configuration 
of these molecules is really of the right- 
angle form or not, and further to deter- 
mine the potential barrier restricting the 
internal rotation. 


6) N. W. Luft and K. H. Todhunter, ibid., 21, 2225 
(1953) . 

7) P. G. Ackermann and J. E. Mayer, ibid., 4, 377 
(1936) . 

8) K. J. Palmer, J. Am. Chem. Soc., GO, 2360 (1938). 

9) G. B. Guthrie, quoted by P. W. Allen and L. E. 
Sutton, Acta Cryst. 3, 46 (1950). 

10) H. Stammreich, R. Forneris and K. Sone, J. Chem. 
Phys., 23, 972 (1955). 

11) H. Stammreich and R. Forneris, Spectrochim. Acta 
8, 46 (1956). 
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TABLE I 
EXPERIMENTAL CONDITIONS 


Wave length of 
the electron 
beam (A) 


0.057 
0.069 


0.057 
0.056 


Camera 
length 
(cm.) 


11.82 
27.91 


11.82 
27.91 


Compound 


S2Cl, 


S.Bre 


Experimental 


Sulfur monochloride obtained from a commercial 
source was purified by vacuum distillation over 
dry purified sulfur and activated charcoal. Sulfur 
monobromide was synthesized from equimolar 
mixture of purified sulfur and bromine according 
to the method described by Brauer". 

The apparatus of electron diffraction and the 
procedure taken are the same as those previously 
reported'®. Two kinds of sector, r* and r’ type, 
were used. In addition to the of a camera shorter 
length (11.82cm.), a longer one with 27.91cm. 
length was also used, which was particularly 
suitable for the study of internal rotation. The 
experimental conditions are given in Table I. 


Analysis 


a) Modified Radial Distribution Func- 
tion.—Sul,ur Monochloride.—According to 
the procedure developed by Karle and 
Karle’ the molecular intensity curves 
sM(s) were obtained as shown in Fig. 1. 


Fig. 1. The molecular intensity curves 


for sulfur monochloride. 


Fig. 2. The modified radial distribution 
curve for sulfur monochloride. 


12) G. Brauer, “Handbuch der praparativen anor- 
ganischen Chemie” Ferdinand Enke Verlag, Stuttgart 
(1954), p. 290. See also O. Ruff and G. Winterfeld, Ber. 
36, 2437 (1903). 

13) Y. Morino and E. Hirota, J. Chem. Phys. (in press). 
14) J. Karle and I. L. Karle, ibid., 18, 957 (1950). 


Sector 


r- 
r- 
r3 
r- 


Measured 
range of 
q value 


15-83 
5-27 


18-95 
6-31 


Index of 
resolution 


0.73 
0.73 


Stopper 


without 
without 


about 1 
about 1 


with 
with 


The radial distribution curve was obtained 
by Fourier transformation of the mole- 
cular intensity curve, in which the 
intensity from g=0 to gmin was spliced by 
a curve calculated for an assumed model. 
The curve thus obtained (Fig. 2) consists 
of three peaks: (S-S, S-Cl), (S---Cl)*, and 
(Cl---Cl). Although the radial distribution 
function of the Cl---Cl pair reflects directly 
the behavior of the internal rotation, it 
is influenced strongly by the intensity at 
small g region; when the modified radial 
distribution function is calculated by 
supplementing the observed intensity from 
q=0 to 18 with the intensity of the right- 
angle model or that of the framus one, 
quite different curves are obtained for 
the Cl---Cl region as seen in Fig. 3. 


4 
(b) Right angle 


Fig. 3. The modified radial distribution curve 
for Cl---Cl pair of sulfur monochloride. 
(a) interation started from the trans form; 
(b) it started from the right angle model. 


Of course the Fourier transformation 
must be repeated until the resultant 
radial distribution function becomes con- 
sistent with the assumed model. If the 


* S-Cl denotes the directly bonded sulfur-chlorine 
atom pair and S---Cl the non-bonded atom pair separated 
by another sulfur atom. 





132 Eizi HIROTA 


trans model is first assumed, the rate of 
convergence is quite slow, and the shape 
of the third peak (Fig. 3a) is different 
from that of the pure trans form and 
rather like that of the right-angle model 
with a wide amplitude of torsional oscil- 
lation. Under the assumption of the 
right-angle model a consistent model is 
readily obtained (Fig. 3b). 

The first (S-S, S-Cl) and the second 
peak (S---Cl) are independent of the 


assumption about the internal rotation, 
and hence one can easily get parameters 
for these atom pairs. However, a difficulty 
remains in separating two atom pairs, 
S-S and S-Cl, because these two peaks 
overlap each other heavily. As shown in 
any of three 


Fig. 4 and in Table II, 


Fig. 4. The compound modified radial distri- 
bution curves of S-S and S-Cl pairs of 
sulfur monochloride, explained by three 
distinct sets of parameters. (Cf. Table II) 


TABLE lI 
RESULTS OF ANALYSIS OF MRD FoR §S,.C1,* 


A B Cc 
<Ar®>1/2 r Ar*>'/2 
2.07 0.05 
1.97 0.05 


r (Ar) 
S-Cl 2.01 0.06 2.04 0.08 
S-S 2.10 0.03 2.04, 0.06; 


S---Cl 3.24, 0.08, 
Cl---Cl 4.10; 0.12;-0.15; 


* The first number denotes the equilibrium 
distance and the second the rms amplitude 
of vibration. 


distinct sets of parameters can explain 
the observed curve equally well. There 
was no difficulty about the analysis of 
S--Cl. The results of analysis of the 
modified radial distribution curve are 
summarized in Table II, where the peak 
of Cl---Cl was also assumed to be Gaussian. 

The unmodified radial distribution 
function'» may be useful to resolve further 
this compound peak of S-S and S-Cl, but 
the error included in the present experi- 
ment did not allow any higher resolution. 
(Compare the reliability factor’ given in 
the later section). 

Sulfur Monobromide.—As described above 


[Vol. 31, No. 1 


it was difficult to obtain accurate values 
of the S-S and the S-Cl bond distance ina 
sulfur monochloride molecule. It seems 
that the length of S-S can be obtained 
from the analysis of the curve of sulfur 
monobromide. The modified radial distri- 
bution curve is shown in Fig. 6. For 
calculating this curve, the observed 


Fig. 5. The molecular intensity curves for 
sulfur monobromide. The dotted curve 
is for the case where the bromine is added 
to about 30%. 


Fig. 6. The modified radial distribution curve 
for sulfur monobromide. The contamina- 
tion of bromine is taken into consideration 
by the shaded area. 


molecular intensity at qg larger than 8 
(Fig. 5) was corrected for the effect of 
diffraction by electron cloud’ and 
was spliced with the theoretically cal- 
culated one in the region from g=0 to 
8. The S-S and the S-Br pair give two 
distinct peaks: the lower peak, corres- 
ponding to S-S, appears at the short- 
distance side of the higher peak and is 
clearly separated from that of the latter. 
The peak of Br---Br is flatter than that of 
Cl---Cl and shows considerable deviation 
from the Gaussian shape: About two 
thirds of the upper part of the S---Br peak 
stands clearly above the level of the 
ghost, but its area amounts to only about 
75% of the theoretical one. This difference 
may be explained by assuming a conta- 
mination of bromine. Since the vapor 
pressure of bromine is far greater than 
that of sulfur monobromide, we can expect 
that bromine gas which was first included 
in the sample was removed by pumping 
off the gas before the exposure, but sulfur 


15) L. S. Bartell, L. O. Brockway and R. H. Schwende- 
man, ibid., 23, 1854 (1955). 
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monobromide is readily decomposed into 
sulfur and bromine, for example, by 
radiation of the electron beam or by 
contact with the metal surface of the 
apparatus. In fact, if one assumes the 
mixing of bromine gas, the ratio of areas 
of S-Br and S---Br peaks can be well 
explained, because the atomic distance in 
bromine molecule is about 2.28 A, com- 
parable with the length of S-Br, so that 
the presence of bromine vapor will make 
the area of S-Br pair large. In Fig. 6 the 
abundance of bromine was tentatively 
assumed to be about 30%, then the 
equilibrium distance of S-Br pair must 
be reduced 0.01 or 0.02 A from that of the 
peak (about 2.25 A). The result of analysis 
of the modified radial distribution curve 
is given in Table III. 


TABLE III 
RESULTS OF ANALYSIS OF MRD FoR S.Br2 
r <Ar?>/2 
- ~ 1.97 — 
S-Br* 2.24 0.05;** 
S-.-Br 3.35 0.09,** 
Br---Br ~ 4.26 ~ 0.31 


When bromine is added, the peak has the 
parameters r=2.25A and ¢4r°>'/2=0.04,A. 
The correction for the Born approxima- 
tion was carried out by the procedure 
given in ref. 15. 


b) The Correlation Method. — Sulfur 
Monochloride.—It is reasonable to deter- 
mine first the parameters of S-S and S-Cl 
by examining the intensity curve in the 
region of g=50, since the result of analysis 
of the radial distribution curve showed 
that the temperature factors of S---Cl and 
Cl---Cl were definitely large and hence 
their intensities damped out in this region. 
Since an atom pair has two parameters 


SC 
~<a SS Best 


s-a@ s 
ModelL_MA.MA_ f 


195 1.98 2.01 2.04 2.07 


‘HC Pa -HE | HDd 003 005 3.24 
_. SD~.- : ea ae 
GC Spa "GE GD 005 005 3.24 
"FC *FD «FE FD 0.06; 0.06 3.25, 
*DCb DD DD 008,006 * 


*AA “aBsACD-ap ACd 0.08 0.06 3.25, 


“BA ad “«BC BB 0.06; 0.04, 3.24 


LA “CB ACC 
“Cage Bed ce 


*EB 


CBd 005 003 3.25, 


The parameter chart for sulfur 
monochloride. 


. distance becomes long, 


to be determined, an equilibrium distance 
and a temperature factor, four parameters 
must be taken into consideration. These 
parameters are strongly dependent on 
each other, as seen from the three sets 
given in Table II. The parameter chart 
of the temperature factor was projected 
on that of the equilibrium length, the axes 
of the latter chart being the bond lengths 
of S-S and S-Cl (Fig. 7). Reasonable 
models fall on a line connecting three 
models A, B and C, which were obtained 
from the analysis of the radial distribution 
function, whereby temperature factors 
were taken tentatively for each model. 
There was found a rough relation between 
the sum of temperature factors of S-S 
and S-Cl, M.A., and the difference between 
their equilibrium distances, 47: 


M. A.=0.15—0.5 Jr, 


which holds in the range of 47<0.3. The 
atom pair S---Cl influences, in particular, 
the shape of the maximum at q=40 to 
45: when the distance is short, the shoulder 
of the peak at the short-distance side 
becomes prominent, and the long-distance 
side falls off rapidly, and when the 
the contrary is 
the case. The best values of this distance 
are inscribed in Fig. 7 for seven models 
on the line from A to C. The most 
satisfactory models are BB and GD, while 
the model DD is unsatisfactory. The 
mean amplitude of S--Cl, 0.08; A, is 
concluded to be reliable within 0.02 A by 
the calculation with the model BB. 

The reliability factors of BB and GD 
were 10.9% and 10.7%, while the random 
error of the experiment was 13.2% in the 
region of g=18 to 83. Thus both models 
agree with the observed intensity within 
the error. For sulfur monochloride it 
can not be determined by the analysis 
which of the models, BB or GD, is better, 
but the model GD seems to be preferable, 
for the S-S distance of sulfur monobromide 
was found to be 1.97 A. The intensity 
curves of the models are compared with 
the experimental one in Fig. 1. 

Sulfur Monobromide.—The comparison of 
the calculated intensity with the observed 
one was carried out only in the region of 
q=30, where the intensity of Br---Br was 
excluded from the calculation, for its 
amplitude damped out in this region. By 
taking the length of S-Br to be 2.25 A two 
ratios of the atomic distances, (S-S)/(S-Br) 
and (S-:-Br)/(S-Br), were varied as the 
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p= (S—S)/(S—Br) 





Fig. 8. The parameter chart for sulfur 
monobromide. 


----: acceptable region obtained from 
the comparison of q-/qo 

tase : acceptable region concluded from 
the intensity checking 


parameters to be determined. The tem- 
perature factors were assumed to be 0.06 A 
for S-Br, 0.05A for S-S and 0.11A for 
S:--Br (these values were mainly taken 
from the observed values obtained with 
the radial distribution function, and the 
correction for the Born approximation 
was excluded), but later the temperature 
factor of S-Br was varied and found to 
be reliable within 0.015 A. The models 
were examined referring to the two 
criteria: the ordinary mean deviation of 
q-/qo and the amplitude of intensity, the 
latter being, for simplicity, taken as the 
intensity from peak to valley; because 
this definition is free from inadequate 
drawing of the background line. The 
parameter chart and the _ acceptable 
region are indicated in Fig. 8. The results 
are: 


S-Br =2.25, A, 
S-S =1.98,; A, 
and S---Br=3.36; A. 


qa-/qo of the CC model is 1.004+0.004, and 
its reliability factor is calculated to be 
28.7%, in comparison with the random 
error of the experiment, 29.4%. The 
reliability factor can be reduced to 24.9% 
if it is assumed that the gas contains 
bromine molecules of 30% in molecular 
ratio. The dotted line of the model CC in 
Fig. 5 indicates the effect of bromine 
mixing. Thus the presence of bromine 
molecules is again expected in this 
respect. 

The large reliability factor of sulfur 
monobromide may be explained by the 
fact that the mixing ratio of bromine gas 
varied case by case, and the two in- 
dependent observations did not coincide 
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with each other. In addition to this, the 
intensity factors of sulfur monobromide 
are definitely smaller than those of mono- 
chloride, owing to the large atomic number 
of bromine (see Table IV): the ratio of 
the sM(s) of the two molecules amounts 
to 2:3 or even near 1: 2. 


TABLE IV 
INTENSITY FACTORS OF S.Cl. AND S.Bre 
SoC, S.Bre 
S-S 72 27 
S-X 144 102 
S-+X 92 70 
X---X 39 59 


ec) Small-Angle Scattering. — Sulfur 
Monochloride.—For further detailed study 
of internal rotation it is desirable to 
observe the intensity at a small angle. The 
principle and the procedure applied were 
already described in the previous paper’. 
It was the Cl---Cl atom pair to which 
attention was called. By using the values 
of parameters: 7=2.09 A, ¢<47’>'/?=0.045 A 
for S-S, 7r=2.01A, <¢4r’>/?=0.065A for 
S-Cl and 7=3.24A, ¢47’>/?=0.09A for 
S:--Cl, which correspond approximately to 
the model A of the modified radial distri- 
bution function or to the model BB in the 
correlation method. The theoretical back- 
ground functions were calculated for four 
cases: the cis, the trans, the freely 
rotating, and the right-angle conflgura- 
tion**. The curves shown in Fig. 9 
clearly indicate that the smoothest one is 
that of the right-angle model. Thus it 
can be concluded that the most probable 





Fig. 9. The background functions for 
sulfur monochloride. 


** The atom form factor used were calculated by 
Viervoll and Ogrim, Acta Cryst., 2, 277 (1949) and the 
inelastic scattering terms were given by Bewilogua, 
Physik. Zeits., 32, 743 (1931). 
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configuration of this molecule is the right- 
angle type structure. 

Sulfur Monobromide.—The background 
function for S.Br., was calculated by 
the same procedure: the potential for 
the internal rotation was taken as 


V=5 Vi(1—cos 2¢), where three values of 


Vi:=0, 4kT (2.5kcal/mole), and 8kT (4.8 
kcal/mole) were assumed. A glance at 
Fig. 10 shows that V,=0 is unsatisfactory 





Voe4KT 





Fig. 10. The background functions for 


sulfur monobromide. 


in the region of g=6 to 13, and Vo) must 
be larger than 4k7. In the region of 
q>13 none of the three curves are smooth, 
probably owing to the contamination of 
bromine. In fact the mixing of bromine 
molecules of 50% smooths out sufficiently 
the background function. Thus here is 
another evidence that the gas was con- 
taminated by bromine, the amounts being 
30 to 50%. But the precise value of the 
potential barrier V, could not be obtained 
because of the contamination of bromine. 


Calculation of Mean Square 
Amplitudes 


Six fundamental frequencis have been 
observed for sulfur monochloride by the 
Raman effect and by the infrared adsorp- 
tion spectra: their wave numbers are 102, 
206, 240, 436, 449, and 540 cm-}!.*** Ac- 
cording to the assignment given hitherto 
the lines of 240 and 540 cm~! have been 
considered to belong to the B class and 
the other four lines to the A class, but if 
one compares them with the Raman lines 


*** These values were cited from the reference 11; 
other workers gave essentially the same results. 


of sulfur monobromide, i.e., with the five 
lines of 66, 172, 200, 356, and 529 cm™’, 
then one would recognize that the line 
540cm~-! of monochloride and the line 
529cm~-! of monobromide are assigned 
reasonably to the S-S stretching mode. 
In addition to this, the frequency of the 
S-S stretching mode of sulfur monofluoride 
was reported by Barcel6 and Oteré'® as 
526 cm-!. Thus the correct assignment 
of sulfur monochloride is taken to be as 
follows: the four lines, 102, 206, 436 (or 
449), and 540 cm™’, belongs to the A type 
and the remaining two, 240 and 449 (or 
436) cm~', to the B type vibration. Since 
the measurement of depolarization is very 
difficult, in particular, for a weak line 
such as 540 cm~? and for overlapping lines 
such as 436 or 449 cm~’, the result of the 
measurement of depolarization can not be 
considered very serious. In the present 
type of molecules two S-X stretching 
modes are likely to have the same fre- 
quencies, so that the line 356 cm™! 
reported for sulfur monobromide included 
probably the other S-Br stretching vibra- 
tion just as in monochloride. A weak line 
at 302cm~', omitted first and then reported 
later by Stammreich et al, can be inter- 


‘ preted to be a combination or difference 


band, or a band due to impurity. The 
final assignments are given in Tables V 
and VI for sulfur monochloride and 
monobromide, respectively. 

In order to obtain the force constants, 
normal coordinate treatment was carried 
out, based on the Urey-Bradley type of 
force fields: 


2V=Kss( 4R)’+ Ksx{(47:)?+(472)’} 
+Hssx{(r4a:)’+(r4az)*} 
+Fsx{(4q:)?+(4q2)?}+9(74¢)? 
+2K'ssRIR+2K'sx(r4rit+74r) 
+2H'ssx(7°4ai+7°4a2) 
+2F'sx(q4qi+9q4q2) +20'r' 46, 


where R denotes the equilibrium distance 
of the S-S atom pair, 7; and 7, denote those 
of the S-X atom pairs, g; and q, those of the 
S---X atom pairs, a; and a: the equilibrium 
values of ZS-S-X, and ¢ stands for that of 
the torsional angle; 4 indicates a displace- 
ment from the equilibrium value. The 
equilibrium value of ¢ is assumed to be 
90°. Among the five constants K’'ss, K'sx, 


16) J. R. Barcelé and C. Otero, Anal. Real. Soc. Espan. 
Fis. Quim. B51, 223 (1955). 





Eizi HIROTA 


[Vol. 31, No. L 


TABLE V 
VIBRATIONAL FREQUENCIES AND FORCE CONSTANTS FOR S;Cl; 


Observed 


frequency Assignment 


Symmetry 
(cm~!) 
540 
436 
206 
102 or 55 
449 
240 


v(S-S) 

v(S-Cl) 
6(SSCl) 
torsion 
v(S-Cl) 
6(SSCl) 


Calculated frequencies 


Force constant 

I II 
(cm~') (md/A) 

Kss =2.46 
Ksc: =1.87 
_ Hgssci=0.21 
212 Fsci =0.19 
105 ra) 0.065 (1) 


0.016 (II) 
446 F'sci = —0.1F se: 
242 


536 


TABLE VI 
VIBRATIONAL FREQUENCIES AND FORCE CONSTANTS FOR S.Br:> 


Observed frequency 
(cm~') 
529 


Symmetry 
v(S-S) 
356 v(S-Br) 
172 6(SSBr) 
66 torsion 
356 v(S-Br) 
° { 200 6(SSBr) 
H'ssx, F'sx, and #', there exist four rela- 
tions to express the balancing of the forces 
at the equilibrium configuration. There- 
fore the constants A’ss, K'sx, H'ssx, and 
#' can be expressed as functions of F'sx. 
In total, the potential function here 
assumed has six adjustable parameters 
for six observed frequencies. 

For sulfur monochloride two cases were 
considered, in one of which the line 102 
cm~' was taken the fundamental torsional 
mode (set I) and in the other of which it 
was taken the first overtone of this mode 
(set II). Force constants given in Tables 
V and VI give the frequencies in very 
satisfactory agreement with the observed 
data. 

It is easy to calculate the rms amplitudes 
of vibration from this force fields: they 
are given by the formula'” 


Aq?) =kTAU'F-'UA' 
+(h?/642°kT) (1+ 1") 


where A is a matrix which expresses, in 
terms of the internal coordinates, the 
displacement of the distance whose mean 
amplitude is to be calculated, U the 
transformation matrix between the in- 
ternal and the symmetry coordinates, 
F-' the inverse matrix of F expressed 
in the symmetry coordinates, and # and 
v' stand for the reciprocals of the masses 


17) Y. Morino, K. Kuchitsu, and T. Shimanouchi, J. 
Chem. Phys., 20, 726 (1952); Y. Morino, K. Kuchitsu, A. 
Takahashi, and K. Maeda, ibid., 21, 1927 (1953); Y. 
Morino and E. Hirota, ibid., 23, 737 (1955). 


Assignment 


Force constant 

(md/A) 
Kss 
Kspr 
Hsssr 
Fspr 
a) 


Calculated frequency 
(cm~!) 
531 
354 
174 
63.7 


357 
201 


=2.46 
1.56 
0.15 
=0.16 
0.046; 


F' spr -—0.1F spr 


of the atoms located at both ends of the 
distance. The calculated values are 
compared with the observed in Tables VII 
and VIII. Agreement is very satisfactory 


TABLE VII 
MEAN AMPLITUDES OF S>Cl, 


Calcu- Observed (A) 


lated 

(A) A Cc 
0.054 0.06+0.01 0.05+0.01 
0.048 0.03+0.03 0.05+0.03 
0.087 0.08; 0.02 


0.158 0.14 0.07 
~29 
TABLE VIII 
MEAN AMPLITUDES OF 
Calculated (A) 
25°C 100°C 
Br 0.055 0.060 
5-S 0.048 0.051 
5: Br 0.092 0.101 
Br---Br 0.189 0.211 


S2Br2 
Observed 
(A) 
0.05;+0.015* 
0.05(ass.) 
0.09,+0.02* 
~0.31 


* Corrected for the Born approximation. 
(See ref. 15). 


for S-S, S-X, and S---X atom pairs. The 
rms amplitude of the Cl---Cl pair in sulfur 
monochloride was observed to be 0.14+ 
0.07 A, in close agreement with the 
calculated value, 0.15; A, which was based 
upon the assignment that the line 102cm~! 
is the fundamental. For the Br---Br pair 
of sulfur monobromide such an agreement 
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of Sulfur Monochloride and Monobromide 


was not obtained: a rough estimate of the 
rms amplitude of the Br---Br atom pair 
gave 0.31 A, definitely larger than the 
calculated value of 0.19 to 0O.21A. 
This disagreement could be understood by 
taking into consideration the mixing of 
bromine discussed above. 

The correction for the Born approxima- 
tion was carried out for S-Br and S-:-Br 
atom pairs, by using an approximate 
formula proposed by Bartell et al.!. 

It may be noted that, if the calculated 
rms amplitude of S-S and S-Cl are added, 
they amount to about 0.10 A. This sum 
gives, with the relation derived in IIIb, 
the following two sets of parameters for 
S-S and S-Cl atom pairs on a line A to C 
in Fig. 7 (a) if vsci—7ss=0.10A, then 
rsc1=2.07 A and rss=1.97 A, and (b) if 
rss—rsci=0.10A, then rsci=2.00A and 
yss=2.10A. The set (a) corresponds to 
the model GD and the set (b) approxi- 
mately to the model BB. 


Discussion 


The four distances observed for sulfur 
monochloride indicate clearly that this 
molecule joes not have the thionyl chloride 


type structure; because in the latter the © 
length of the Cl---Cl pair must be shorter 
than 2(S-Cl) sina (a equals to the angle 


of S-S-Cl). The observed values of the 
three atom pairs, S-S, S-Cl and S---Cl, 
give 3.96 A for 2(S-Cl) sina. It is signifi- 
cantly shorter than the observed 4.11 A, 
and the discrepancy is definitely beyond 
the experimental error. Thionyl chloride 
has a pyramidal structure in which the 
two OSCI planes are not coplanar, hence 
in this structure Cl---Cl atom pair would 
have to be further shorter than 3.96 A. 
This holds also for sulfur monobromide: 
2(S-Br) sina (a equals to the angle of 
S-S-Br) is calculated to be 4.33A, which 
is comparable in magnitude with the 
observed 4.26A, but a definitely shorter 
distance than 4.33A must be given for 
Br---Br distance of the presumed thionyl 
chloride type structure. Thus it is con- 
cluded that both molecules have the 
structure containing S-S bond, and the 
angles of the internal rotation ¢ (the angle 
between two SSX planes, the position of 
¢=0 being at the cis one) are nearly equal 
to 90°: precisely speaking, 82.5° for S.Cl, 
and 83.5° for S.Br>. 

The bond length of S-S was found to 
be 1.97 to 1.98A from the data of sulfur 


monobromide, which is somewhat shorter 
than the usual single bond distance, such 
as 2.05 A in H.S,", 2.05; A in (CF;).S.', 
2.06; A in (CF;)2S;°”, or 2.04 A in (CHs)2S."”, 
but longer than the double bond 1.89 A in 
S.2>. It is to be noted that the S-S stret- 
ching modes of sulfur monohalides are 
about 530cm~-', higher by about 20cm™! 
than those of usual single S-S bond. The 
length of S-Cl of sulfur monochloride, 2.07A 
is close to S-Cl=2.07 A in thionyl chloride, 
but longer than S-Cl=2.01 A in SCl,. The 
frequencies of S-Cl stretching modes in 
SCl, were observed to be 514cm™! and 
534 cm~', but the corresponding values of 
sulfur monochloride are 436 cm~' and 449 
cm~'. Thus it is likely that there is a 
parallelism between the vibrational fre- 
quencies and the bond lengths. The bond 
length of S-Br in sulfur monobromide 
2.24A is also approximately equal to 
S-Br=2.27 A in thionyl bromide. 

The observed rms amplitude of the 
Cl---Cl pair of sulfur monochloride indi- 
cates that the line 102cm™'! is the funda- 
mental of the torsional oscillation. If the 


1 
potential energy for this mode, 3 P(r49)’, is 
set equal to V=5V0(1—cos 246) =V.(4¢6)’, 


then V, is found to be about 17 kcal/mole. 
This potential barrier seems to be high in 
comparison with that of hydrogen peroxide; 
for the latter the height of the barrier of 
0.32 to 4.5% kcal/mole was_ reported. 
Though the accurate evaluation of the 
interaction between the lone-pair electrons 
of oxygen atoms is very difficult, its esti- 
mation would be possible by calculating 
the overlap integral of gz electrons. For 
the O-O bond length of 1.48 A the overlap 
integral of 2pz electrons is 0.069 and for 
the S-S bond length of 1.97 A 3pz electrons 
have the overlap integral of 0.152. The 
ratio of squares of these two integrals, 
which are considered to be a measure of 
the interaction of pz electrons, is about 
1:4.8. Hence a higher barrier is expected 
for the sulfur compound, in agreement 
with the observation. A similar discussion 


18) M. K. Wilson and R. M. Badger, ibid., 17, 1232 (1949). 
19) H. J. M. Bowen, Trans. Faraday Soc., 50, 452 
(1954). 

20) P. W. Allen and L. E. Sutton, Acta Cryst., 3, 46 
(1950). 

21) G. Herzberg, ‘“‘ Molecular Spectra and Molecular 
Structure,” Vol. II. D. van Nostrand Co., New York, 
(1945). 

22) J.T. Massey and D. R. Bianco, J. Chem. Phys., 22, 
442 (1954). 

23) R.S. Mulliken, C. A. Rieke, D. Orloff and H. Orloff, 
ibid., 17, 1248 (1949). 
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for sulfur monobromide was limited by 
the contamination of bromine. 

As mentioned already, the rms amplitude 
of Br---Br was observed considerably 
larger than the calculated. The reason 
may be attributed to the anharmonicity 
of the torsional oscillation. Since the 
frequency of the torsional mode of sulfur 
monobromide is 66 cm~-', there must be 
many molecules in the first, the second, 
and the third excited torsional state, and 
all these molecules can make transitions 
of the torsional oscillation (a kind of hot 
band), then anharmonicity of this mode 
would be greater. It is, however, difficult 
to know the real shape of the potential 
barrier through the data available at 
present. 


Conclusion 


By the sector and microphotometer 
method the molecular structures of sulfur 
monochloride and monobromide were 
obtained as follows: 


sulfur monochloride: 
S-Cl: 7r=2.07+0.01 A, 
<4r*>'/?=0.05+0.01 A, 
S-S:  r=1.97+0.03 A, 
¢4r*>'/?=0.05+0.03 A, 
r=3.24,+0.02 A, 
<Ar’>/?=0.08,+0.02 A, 
Cl---Cl: r=4.11+0.05 A, 
<4r’>'/?=0.14+0.07 A, 
ZS-S-C1=107°+2.5°, 
@ =82.5°+12° (¢=0 at the cis). 
sulfur monobromide: 
S-Br: 7=2.24+0.02 A, 
¢4r’>/?=0.05+0.02 A, 
S-S: r=1.98+0.04 A, 
<Ar’>'/?=0.05 A(assumed), 


S:-Cl: 
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S:-Br: 7=3.35+0.02 A, 
<4r?>'/?=0.09,-+0.02 A, 


Br---Br: 7=4.26+0.08 A, 
¢Ar’>/?=30.31 A, 


ZS-S-Br=105° +3°, 
$=83.5°+11° (¢=0 at the cis). 


Both molecules have the right angle 
structure of hydrogen peroxide type. 

The lowest band 102 cm~ of sulfur 
monochloride was concluded from the 
observed mean amplitude of Cl---Cl to be 
the fundamental of the torsional mode, 
contrary to the proposal by Luft and 
Todhunter. Sulfur monobromide is easily 
decomposed, and bromine molecule thus 
evolved obscured the intensity of sulfur 
monobromide, but free rotation was 
definitely denied and torsional oscillation 
about the right angle position was clearly 
concluded. 
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State of Aggregation of Primary Particles 
in Colloidal Silica 


By Takeshi Oxura, Katsumi Goro, 
and Tsuyoshi Komatsu 


(Received October 14, 1957) 


It has been shown in our previous re- 
ports’ that the rate of polymerization of 
silicic acid increases with pH, and larger 
particles of colloidal silica are formed at 
higher pH values. 

On the other hand, measurements 
carried out by many investigators of 
gelation time have shown that silicic acid 
gels most rapidly in a slightly acidic 
medium”. The fact seems to be an indi- 
cation of the most rapid polymerization 
in a slightly acidic medium. 

The present investigation was under- 
taken to reconcile the above two contrast- 
ing results, as well as to show that, as 
has already been suggested by Goto”, 
different types of colloidal silica are 
formed at different pH values. 

For these purposes, measurements were 
made of the relative viscosity and the 
dissolution time (i.e., the time required 
for the complete dissolution of colloidal 
silica particles in a proper medium) at 
various aging times. 


Experimental 


Preparation of Silicic Acid.—Silicic acid 
solutions containing 8 g./l. of SiO. were prepared 
from sodium metasilicate by ion exchange, and 
the pH was adjusted by adding appropriate 
amounts of sodium metasilicate solution. The 
aging of silicic acid solutions were carried out at 
room temperature. 

Measurement of Dissolution Time (r).— 
The method used for the determination of dis- 
solution time was similar to that reported in the 
previous papers’»») with the following exceptions: 


1) K. Goto, J. Chem. Soc. Japan, Pure Chem. Sec., 
(Nippon Kagaku Zassi) 77, 958 (1956). 

2) K. Goto, J. Phys. Chem., GO, 1007 (1956). 

3) R. C. Merrill and R. W. Spencer, J. Phys. & Coll. 
Chem., 54, 806 (1950); I. A. Heald, K. B. Coates and 
J. E. Edwards, J. Appl. Chem., 5, 425 (1955); M. F. 
Bechtold, J. Phys. Chem., 59, 532 (1955); Also see R. K. 
ller, ‘‘ The Colloid Chemistry of Silica and Silicates,” 
Cornell Univ. Press (1955), p. 45. 

4) K. Goto, J. Chem. Soc. Japan, Pure Chem. Sec., 
(Nippon Kagaku Zassi) 76, 729 (1955). 


a) Instead of a solution of sodium carbonate, 
a solution containing sodium fluoride (300 mg. 
F-/l.) and hydrochloric acid (0.1N) was used 
for the dissolution of colloidal silica. 

b) Aluminum chloride was employed to stop 
the dissolution reaction and to reduce the inter- 
ference of the fluoride ion in the colorimetric 
determination of molecularly dispersed silica. 
The temperature was kept constant at 25°C during 
the measurement of dissolution time. Full des- 
criptions of the method of measurement will be 
reported later. 

Measurement of Relative Viscosity.—The 
viscosity was measured with the usual Ostwald 
viscosimeter. 


Results and Discussion 


The results are summarised in Table 1. 
The volume, V, immobilized by 1 g. of SiO, 
in water was estimated on the basis of 
the well known Einstein’s formula, by 
using the equation 


we Hrei—1 
_ 0.0025 C 


where j7rei is the relative viscosity, C, the 
concentration of silica in g./l., and V is 
expressed in cc. The effect of the charge 
was ignored in the calculation. The re- 
sults were also shown in Table I. 

It is clearly shown in this Table that at 
pH values slightly below 7, V increases 


TABLE I 
CHANGES IN 7, rei, AND V WITH AGING TIME 
Aging time (Day) 


Initial pH 
1 4 14 63 
t(min.) <1 <1 1 2.0 
2.4 ret 1.009 1.010 1.018 1.070 
Vicc.) 0.45 0.50 0.90 3.5 
c(min.) <1 1.4 2.1 3.7 
3.7 rei 1.009 1.035 1.062 1.140 
Vicc.) 0.45 1.8 3.1 7.0 
t(min.) 3.2 6.8 12.8 29.6 
5.2 ret 1.005 1.125 1.190 1.196 
Vicc.) 4.8 6.3 7.5 6.8 
t(min.) 10.3 17.3 29.3 40.0 
6.6 7Hrei 1.060 1.060 1.060 1.070 
Vcc.) 3.0 3.0 3.0 3.5 
t(min.) 14.2 24.7 38.5 50.0 
8.2 ret 1.012 1.020 1.012 1.010 
Vicc.) 0.6 1.0 0.6 0.5 





140 SHORT COMMUNICATIONS 


considerably with aging time, while the 
dissolution time remains very small. At 
higher pH values, V remains very low, 
even when the dissolution time has acquir- 
ed a very high value. 

There are two possible forms of colloidal 
silica, as has been suggested by Iler®: 

a) particles of colloidal silica which are 
aggregates of many smaller primary 
particles as schematically shown in Fig. 
1 a. 

b) dense, descrete particles as shown 
in Fig. 1 b. 


B Lo 


Fig. 1 


Since dissolution time, which is theoreti- 
cally proportional to the radius of parti- 
cles, may be influenced mainly by the size 
of primary particles, it may be reasonable, 
to take the dissolution time as a measure 
of the size of primary particles. On the 
other hand, the viscusity and the value of 
V may be a measure of the looseness with 
which primary particles are associated 
together, or the packing density of primary 
particles. 

It is thus suggested from the above 
results that the aging in slightly acidic 
media leads to the formation of aggregates 
of very fine primary particles, while a 
tendency towards the formation of larger, 
descrete particles becomes marked as the 
pH increases. 


The authors wish to express their thanks 
to Professors Y. Uzumasa, G. Okamoto, 
and I. Kayama for their valuable advice 
and encouragement. In addition, it would 
have been impossible to carry out the 
work with out the assistance of the Asahi 
Glass Foundation for the Promotion of 
Researches in Chemical Industries. 


Faculty of Engineering 
Hokkaido University, Sapporo 


5) R. K. Iler, ‘The Colloid Chemistry of Silica and 
Silicates,”” Cornell Univ. Press (1955), p. 96. 
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Crystal Structure of Bayerite 


By Goro Yamacucui and 
Kenichi Sakamoto 


(Received September 19, 1957) 


Bayerite, one of aluminumtrihydroxides, 
was identified by Fricke” as a new crystal 
which has a composition of Al(OH); or 
Al,0;-3H.O. Montoro” reported for the 
first time that bayerite has a hexagonal 
lattice with c=4.76kX and a@=5.01kX. 
Later Milligan® reported that Montoro’s 
lattice was not correct. We have examined 
the structure of bayerite and found that 
Montoro’s lattice was essentially correct 
(See Table 1). Assuming that the struc- 
ture is analogous to that of brucite, 
Mg(OH)>:, from which one third of columns 
of the metallic ions are taken out, we 
have arrived at a satisfactory atomic ar- 
rangement based upon the space group 
D';d. The calculated and the observed 
values of spacings and intensities are 
shown in Table II. As can be seen from 
this table, calculated values are in good 
accord with observed values. As a re- 
sult, bayerite has the following structure. 


TABLE I 
Crystal Class Hexagonal (Trigonal) 
Unit Cell a=5.047A c=4.730A 
Space Group Dba 
Atomic Coordinates Al: 2 (c) 
O :6 (k) :0.340 :0.210 


The structure is shown in Fig. 1 and 
this structure can be said to be the 
idealized monolayer structure of hy- 
drargillite?. 


20 25 30 35 40 45 50 55 6 65 


Fig. 1. Diffraction Pattern of Bayerite 


1) R. Fricke, Z. anorg. allg. Chem. 175, 249 (1928). 

2) V. Montoro, Ricerca Sci. 13, 565 (1942). 

3) W. O. Milligan, J. Phys. Colloid Chem. 55, 497 
(1951). 

4) H. Megow, Z. Krist. 87, 185 (1934). 





January, 1958] 


Fig. 2. Crystal Structure of Bayerite. 


TABLE II 
SPACINGS AND INTENSITIES OF DIFFRACTION 
LINES 


Spacings Intensities 


obs. calcd. obs. calcd. 
.753 4.730 100 100 
.385 4.371 60 30 
.220 3.210 34 25 
-705 


2.365 7 

.226 90 

. 186 2 

-080 3 

-984 4 

.726 45 

-653 3 

-605 10 

-561 15 

-457 25 

.392 8 14 
17 -333 .337 21 18 
18 22 .216 -219 15 8 
* Impurity lines, presumably due to poly- 

type layer structure of bayerite (to be pub- 

lished later). 


-227 


.079 
987 
-725 
-653 
-604 
-560 
-460 
-394 
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Catalysis on an Organic Semi-Conductor 
By Kenzi Tamaru and Takeo Suimapa 
(Received October 22, 1957) 


Mostly because of the elaborate works 
of Akamatu and his co-workers”, it is 
generally recognized that the condensed 
polycyclic aromatic hydrocarbons and 
their related quinones are organic semi- 


1) H. Akamatu and H. Inokuchi, J. Chem. Phys., 18, 
810 (1950); 20, 1481 (1952): H. Inokuchi, This Bulletin, 
29, 131 (1956) etc. 
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conductors and their fundamental pro- 
perties such as semi- and photo-conduc- 
tivity and its temperature dependency 
have been elucidated. 

In the field of catalysis many investiga- 
tions have been made on the relation 
between the electronic properties of solid 
and its catalytic activity, and the theory 
of semi-conductor has successfully been 
applied to the problem of heterogeneous 
catalysis”. 

It is of interest to examine whether the 
organic semi-conductor would catalyze 
the exchange reaction between hydrogen 
and deuterium, as it would be a new type 
of catalytic reaction on a molecular crys- 
tal. It can also be noted on this problem 
that the ortho-para hydrogen conversion 
can be catalyzed by charcoal which is 
thought, from the X-ray diffraction 
analysis, to consist of many crystallites 
of graphitic carbon, in other words, large 
condensed polycyclic aromatic hydro- 
carbons. 

The polycyclic aromatic compounds can 
react with bromine or iodine, the halogen 
atoms penetrating between the layers of 
the net planes. The halogen atoms thus 
chemisorbed might react with hydrogen 
to form hydrogen halide, the organic com- 


* pound acting as a catalyst. 


In order to obtain informations on these 
points the exchange reaction of hydrogen 
and deuterium in addition to the reaction 
between hydrogen and iodine has been 
studied in a static method in the presence 
of violanthrone, one of the organic semi- 
conductors. 

The gas, H,, HD and D2, prepared from 
heavy water (47.5% D content) and 
sodium metal® was added to hydrogen to 
such an amount that the ratio of hydro- 
gen deuteride to hydrogen was 0.326. The 
gas mixture was conducted to a reaction 
vessel at 18°C which contains 0.80g. of 
violanthrone. The gas pressure was 307 
mmHg. The reaction vessel was then 
heated up to 100° for 13 hours and a part 
of the gas mixture was taken out for mass 
spectrometric analysis, which showed no 
exchange reaction within the experimental 
error. From the statistical mechanical 
calculation, the activation energy for the 
exchange reaction could roughly be esti- 
mated as higher than 50 kcal. per mole. 

Violanthrone (2.14g.) was mixed with 


2) K. Hauffe, Advances in Catalysis, Vol. VII, Aca- 
demic Press. Inc., N. Y. p. 213 (1955). 

3) A. Farkas and H. W. Melville, ‘‘ Experimental 
Methods in Gas Reactions.” Macmillan, London, 1939. 
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20.26 g. of iodine in a mortar, and 6.8g. of 
the mixture was put in a reaction vessel, 
into which 402mm. of hydrogen was in- 
troduced at 100°C. The reaction vessel 
was kept at 100° for nine hours, then at 
130° for four hours and finally at 150° for 
four hours. No pressure change, however, 
could be observed other than that from 
the temperature change. 

In short, the catalytic reaction neither 
between hydrogen and deuterium nor 
between hydrogen and iodine could be 
observed. 


The assistance of Professor T. Titani 
and Professor S. Horibe of the Tokyo 
Metropolitan University in the mass 
spectrometric analysis is gratefully 
acknowledged. The authors are also 
indebted to Professor H. Akamatu of the 
University of Tokyo for his valuable 
suggestions and assistance. 
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A Remark on the Crystal Structure of 
a-Amino-isobutyric Acid 


By Sakutaro Hirokawa and 
Tamaichi Asnipa 


(Received September 9, 1957) 


The crystal structure of a-amino-iso- 
butyric acid has previously been analysed 


02) OAC) OxX2) Op(2) 
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by one of the present authors and others”, 
using three-dimensional Fourier series. 
The published data showed that there 
were two close contacts between the nitro- 
gen atom and the oxygen atoms. Recently 
the present authors checked the data 
given in the previous paper, and found 
that another type of close contact should 
be added. This is between the nitrogen 
atom and the O,’ atom, O,’ being in the 
molecule related to the original one by 
the screw axis. The N-:-O distances and 
the C,—N:-:-O angles for the all types of 
close contacts are given in the figures. 

The above distances and angles strongly 
suggest that there are three N(H)-:-O hy- 
drogen bonds in this structure as in the 
cases of other amino acids of which 
crystal structures have been investigated. 

Thus it can be said of the structure 
that the molecules are tied into infinite 
sheets approximately parallel to the (010) 
by the two different types of the N(H)-:-O 
hydrogen bonds, and these sheets are tied 
together in the other direction by the 
third type of the hydrogen bonds. 


Department of Chemistry, Defence 
Academy, Yokosuka 


1) S. Hirokawa, S. Kuribayashi and I. Nitta, This 
Bulletin, 25, 192 (1952). 
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Figures showing hydrogen-bond distances and bond angles around the nitrogen atom. 
Symbols in brackets show symmetry elements. 








